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Aim
Cytoplasmic dynein that is anchored to a substrate such as the cell cortex exerts force on
microtubules (MTs), and thus carries out diverse functions in the cell such as mitotic
spindle positioning (1; 2; 3; 4; 5), centrosome positioning in interphase (6; 7), and
chromosome movement in meiotic prophase (8). Numerous studies have shed light on
this essential protein with regard to its processivity and stepping behavior on MT and
other parameters relating to its molecular dynamics in vitro (9; 10). Studies of dynein
in a cellular context have largely been restricted to looking at the net effect of a group
of dynein motors acting in a concerted fashion to bring about a visible change in the
cell such as chromosome or spindle movement (1; 11). Hence, there is still a dearth of
information about single dynein activity in an in vivo setting.
Further, the targeting process of dynein to the cortex is fundamental for dynein to
produce force on MTs. In budding yeast, an ’off-loading’ mechanism has been identified
during anaphase spindle positioning (11). However, very little is known about the
targeting process at a single-molecule level.
Dynein plays an important role during the meiotic prophase of fission yeast Schizosac-
charomyces pombe, when the fused horse-tail nucleus follows the spindle pole body
(SPB, a centrosome equivalent in yeast) in an oscillatory fashion (12). This movement
of the nucleus is essential for proper chromosome pairing and recombination (12; 13; 14)
and is brought about by the interplay between cytoplasmic dynein, which provides the
mechanical energy (8), MTs, which provide the framework for the oscillations (14) and
the anchor protein of dynein at the cortex of the cell Mcp5/Num1 (15; 16), which keeps
dynein in place and thus converts the minus-end directed walking of dynein bound to
1
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both the anchor and the MT to a pulling force. These oscillations have a period of
10 mins and can last for several hours (12). Thus, the fission yeast zygote during the
meiotic nuclear oscillation stage presents to us an excellent system in which to study
cytoplasmic dynein in vivo. This is further bettered by the presence of a small number
of MTs during nuclear oscillations, eliminating considerable background while studying
dynein. In addition, the nuclear oscillations of fission yeast presents a visual feedback
of the operation of dyneins in this system.
The SPB, by virtue of its movement, establishes a leading side, which is in front
of it, and a trailing side behind. Previous work done in the lab has identified the
mechanism of nuclear oscillations to be that of load-dependent detachment of dynein
preferentially from the trailing side of the cell, leading to asymmetric distribution of
dynein between the leading and the trailing sides (17). This model would require
continuous redistribution of dynein from the trailing to the leading side. Also, In
the same body of work, it was seen that dynein that detached from the cortical anchor
Mcp5/Num1, remained on the MT ends. So it was then hypothesized that the targeting
of dynein to the cortex from the cytoplasm might occur in a two-step process, with
binding to the MT acting as the intermediate step.
We thus set out to:
1. Elucidate the mechanism of redistribution of dynein in the cytoplasm.
2. Uncover the steps involved in the targeting mechanism of dynein from the cytoplasm
to the cortex.
2
2
Introduction
2.1 Nuclear oscillations during meiotic prophase of fission
yeast Schizosaccharomyces pombe
Following the observation of a ”horse-tail” nucleus by Robinow (18) during the meiotic
prophase of fission yeast, Chikashige et al. (12) characterized the movement of this
nucleus in an oscillatory fashion between the cell poles (Fig. 2.1). The telomeres were
found to cluster at the spindle pole body (SPB, centrosome-equivalent in fission yeast)
and follow the SPB on its movement spanning the cell. The period of oscillations of
the horsetail nucleus is about 10 mins (17) and the duration of oscillations can range
from 2 to 3 hours (12).
2.1.1 Function
By disrupting dynein, Yamamoto et al. (8) abolished nuclear oscillations in fission yeast
and found a high degree of missegration of chromosomes as well as reduced crossing
over in these cells. This lead to the hypothesis that nuclear oscillations are required
for proper chromosome pairing and recombination. Nuclear oscillations are thought
to facilitate proper recombination by bringing together homologous chromosomes and
aligning them in the same orientation (Fig. 2.2, (13)).
2.1.2 Molecular players
The important components of the oscillations are the motor protein dynein, that pro-
vides the force to move the horse-tail nucleus (8), MTs that emanate from the SPB
3
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Figure 2.1: Horse-tail nuclear movement in fission yeast - Timelapse images show-
ing the horse-tail nuclear movement during meiotic prophase of fission yeast. The nucleus
is visualized by using Hoechst 33342 dye. The numbers on the side indicate the time in
mins and the arrows point to the leading SPB (From Ref. (12)).
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Schizosaccharomyces pombe
Figure 2.2: Nuclear oscillations aid pairing - Schematic drawing showing the nucleus
of two cells coming together and fusing in karyogamy. The chromosomes are oriented for
proper recombination during the oscillations phase that starts thereafter. (Adapted from
Ref. (8))
(14; 19) and the protein Mcp5/Num1 at the cortex (15; 16) that anchors dynein while
it pulls on the MT (Figs. 2.3, 2.4).
2.1.3 Characteristics
The characteristic features of oscillations that were observed by Vogel et al. (17) were:
1. Oscillations of the SPB, and hence the nucleus, occur as a result of a pulling force
produced by dyneins anchored at the cortex.
2. The number of anchored dynein motors on the trailing side is always lower than the
number of anchored dyneins on the leading side (Fig. 2.5).
3. The anchoring of dynein via the lateral side of the MT is sufficient to produce pulling
and end-on attachment of MT tip to the cell end is not required.
2.1.4 Mechanism
Yamamoto et al. (14) suggested a mechanism of nuclear oscillations in which the SPB
provides the biochemical signal for the oscillations. The dynein and MT disassembling
factors are situated in the cell ends (Fig. 2.6). When the SPB reaches one end of the cell,
it deactivates the anchoring factors of dynein at that end, thereby releasing dynein into
5
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***
Figure 2.3: Players involved in nuclear oscillations - Images of dynein signal (Dhc1-
3GFP, left), anchor and MT signal (Mcp5/Num1-tdTomato and mCherry-atb, center) and
their merge (right, dynein in green and anchor and MTs in magenta). Green arrowheads
indicate locations of dynein spots at the cortex, magenta arrowheads indicate locations
of the anchors at the cortex and white arrowheads, dynein spots on the anchor. Green,
magenta and white asterisks indicate the SPB position in the green channel, red channel
and merge respectively.
( ) ( )
Dynein 
MT
Mcp5/Num1
Figure 2.4: Dyneins, MTs and anchors in nuclear oscillations - Scheme showing a
fission yeast zygote during nuclear oscillations. Dyneins are in green, MT in magenta and
the anchor representing Mcp5/Num1 in grey. The inset shows an enlarged view containing
an anchored dynein on the MT.
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Figure 2.5: Asymmetric distribution of dynein between the leading and the
trailing sides - Timelapse images depicting nuclear oscillations in fission yeast with dynein
in green and MTs in magenta. The position of the SPB is marked with the asterisk. The
numbers on the images indicate the time. (Adapted from Ref. (17)).
the cytoplasm (Fig. 2.6 A, B). At the same time, MT disassembling factors shrink the
leading MTs and they finally disappear (Fig. 2.6 C, D). Meanwhile, dynein anchoring
factors accumulate at the other end (Fig. 2.6 D). The SPB stops until another MT
reaches the cortex at the other end and the cycle starts all over again. However, there
is no experimental evidence for this model. In addition, this model does not explain
the lower number of dynein seen on the trailing MT or the start of oscillations without
the leading MT reaching the cell end that were seen by Vogel et al. (17).
Vogel et al., based on their observations, then proposed an alternate model for
nuclear oscillations based on load-dependent detachment of dynein preferentially from
the trailing MT (Fig. 2.7). According to this model, dynein had the equal probability
of binding to MTs on both sides of the SPB, with the number of dyneins binding to a
MT being proportional to the length of the MT. A leading side is established when the
number of dyneins bound to the MT and the anchor on one side is higher than that
on the other and the SPB starts to move in this direction. More dyneins continue to
bind and contribute to pulling on the leading side. The dyneins on the leading side
thus feel a low load. In the meanwhile, dyneins on the trailing side that bind to both
the MT and the anchor start feeling a high load since they are forced to move in a
direction counter to their preferred direction of movement, towards the (+) ends of the
MT because of MT movement (Fig. 2.7). Hence, dyneins on the trailing MT start to
detach since they lose the tug-of-war, leading to an asymmetric distribution of dynein
between the leading and trailing sides. This self-redistribution of dynein in response to
load is the mechanism by which the oscillations occur. The experimental tests of the
7
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Figure 2.6: Mechanism of nuclear oscillations according to Yamamoto et al. -
Schematic depicting the mechanism of nuclear oscillations proposed by Yamamoto et al.
(From Ref. (14))
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model were consistent with the data and the model provided explanations for all the
characteristics of the system.
+ +--
Tr a il ing  MT:
H ig h  l o a d
L ea d ing  MT:
L o w  l o a d
S P B
Figure 2.7: Mechanism of nuclear oscillations - Schematic depicting the mechanism
of nuclear oscillations. (Adapted from Ref. (20))
2.2 Dynein
2.2.1 Structure
Dynein is a ubiquitous minus-end directed motor protein that has been implicated in
a variety of cellular processes. Drawing energy from the hydrolysis of ATP, dynein
can convert the chemical energy from ATP to mechanical work. There are 15 known
forms of dynein in vertebrates, most of them falling under the category of axonemal
dynein, while two are cytoplasmic dyneins (10) - cytoplasmic dynein 1 or MT-associated
protein 1C (MAP1C) (21) and cytoplasmic dynein 2 (22; 23). Cytoplasmic dynein 1
(which will be referred to simply as ‘cytoplasmic dynein’ or just ‘dynein’ hereafter)
is involved in transport and movement of a variety of different cargo inside the cell
(24), whereas cytoplasmic dynein 2 has limited functionality relating to cilia (25) and
axonemal dynein is responsible for the coordinated beating of cilia and flagella (26).
The largest subunit of dynein is the 500 kDa heavy chain (HC) which contains the
motor domain of dynein (Fig. 2.8). The dynein HC is divided into the ‘head’ and the
‘tail’ regions, with the head housing the C-terminal hexameric AAA domain ring with
a MT binding domain (MTBD) and the N-terminal tail containing the dimerzation
region and bound directly by the accessory proteins - the intermediate chain (IC) and
9
2. INTRODUCTION
the light intermediate chain (LIC). Other accessory proteins - the light chains (LC)
consisting of LC8, LC7 and TCTEX1 bind to the IC (Fig. 2.8, (27)). The head domain
occupies a major 350 kDa portion of the HC. The 6 AAA domains (AAA1 - AAA6)
arranged in a ring have an evolutionary origin in the AAA family of ATPases (28).
AAA1 is the primary site of ATP hydrolysis. AAA2-AAA4 can bind ATP but are non-
essential, whereas AAA5 and AAA6 have lost the ability to bind ATP (29). Between
AAA4 and AAA5 is the anti-parallel coiled-coil stalk region, containing a MTBD cap.
The mechanical element is the linker, found between the head and tail, that changes
its position across the hexameric AAA ring during the ATPase cycle (27; 30; 31).
N t er minus
Ta il
L inke r  
d o ma in
Micr o t ub ul e-
b ind ing  d o ma in
H ea d
1
2
3
4
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6
N
TC TE X 1
L C 8
L C 7
I C
L I C
C
Figure 2.8: Dynein structure - Schematic drawing of dynein dimer structure with the
different domains labeled. The inset shows the enlarged view of the dynein heavy chain
tail region, which is dimerized with the various accessory proteins : LCs, LICs and ICs
(Adapted from Ref. (32)).
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2.2.2 Functions
Dynein is the key motor protein for transport of cellular components to the minus-end
of MTs ((33; 34). At the kinetochore, dynein is involved in the capture of MTs, removal
of checkpoint proteins and poleward movement of chromosomes during anaphase (35;
36; 37; 38). Fast axonal retrograde transport also requires the dynein motor protein
(39). So too, the transport of several membranous organelles in the axon is carried out
by dynein (40; 41; 42; 43).
In addition to the above functions, dynein that is tethered to the cell cortex via an
anchoring protein, and bound simultaneously to a MT, functions to move and position
organelles and structures inside the cell. This property of dynein has been discussed in
detail in Section 2.7.
2.2.3 Mechanical cycle of dynein
In its mechanical cycle (44), dynein with ADP in AAA1 is bound to MT (Fig. 2.9 B1).
The linker is now in its post-powerstroke confirmation (Fig. 2.12). Subsequently, ADP
is released from the motor. In the second step, ATP binds to AAA1 which promotes
the release of the MTBD from the MT (Fig. 2.9 B2). The linker now returns to its
pre-powerstroke confirmation (Fig. 2.12). In the third step, dynein finds a new site on
the MT by diffusion. The ATP bound to the motor is hydrolyzed to release phosphate
(Fig. 2.9). Dynein then binds to the MT again which leads to the powerstroke. The
linker returns to its original position near the stalk and the entire cycle starts again
(45).
Various step sizes for dynein have been reported, with values ranging from 8 nm
(46; 47) to 24-32 nm (48). Dynein in vitro was also seen to take frequent backward an
sideways steps (47).
2.2.4 Directionality and processive stepping of dynein
In the absence of ATP, dynein in optical trap experiments was seen to be able to move
towards both ends of the MT (49), with less force required for minus-end directed
movement than plus-end directed movement. In vivo dynein has been seen to move
almost always to minus-ends of MTs. In both cases, Gennerich et al. hypothesized that
the directional bias of dynein towards the minus-end was caused by a strain-sensing
11
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Figure 2.9: Mechanical cycle of dynein - (A) Representation of a dynein motor that
is used in (B), showing the different domains. (B) Schematic drawing of the mechanical
cycle of dynein. Release of ADP (1), dynein remains bound to MT and the linker is in the
post-powerstroke position. ATP binds (2) and the motor is released from the MT. The
linker is now in a pre-powerstroke position. Rebinding of dynein to a new position on the
MT (3). The linker makes the powerstroke and returns to its original postion (Adapted
from Ref. (45)).
element in the MTBD of dynein (49; 50). The coiled-coil stalk, which contains the
MTBD, changes its angle according to the intamolecular tension between the leading
and the trailing heads of a dynein molecule leading to the detachment of the rear head.
In addition to causing movement towards the minus-end, this mechanism would also
keep the two heads out-of-phase (Fig. 2.10).
By constructing dynein dimers with differently-labeled heads, DeWitt et al. and
Qiu et al. showed that dynein does not take take stictly coordinated steps, but rather
exhibits variable stepping patterns (51; 52; 53). Most of dynein’s stepping is uncoordi-
nated (Fig. 2.11), with the level of uncoordination depending on the distance between
the two heads. When the distance between the two heads was small the stepping
was random, but when the distance between the two heads was large, the stepping
was coordinated. This also suggested the existence of a mechanism that sensed the
intramolecular tension between the two heads.
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Figure 2.10: Force-sensing mechanism of dynein MTBD determines its direc-
tionality - Schematic showing the production of directional bias in the movement of dynein
towards the minus-end of MTs. When the leading head of dynein binds and hydolyzes ATP
the powerstoke leads to an intramolecular tension, leading to a low affinity of the read head
(orange) for the MT, leading to its detachment. It then moves ahead of the leading head
towards the minus-end and finds another binding site on the MT (Adapted from Ref. (49)).
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Cytoplasmic dynein
Microtubule
Uncoordinated stepping
+ -
Figure 2.11: Dynein takes both stochastic and uncoordinated steps - Schematic
showing uncoordinated stepping of dynein (From Ref. (53)).
Figure 2.12: Dynein pre-powerstroke and post-powerstroke confirmations - (a)
EM images of dynein c in pre-powerstroke (left, ADP.Vi bound), post-powerstroke (center,
free of nucleotide) confirmations and their merge (right). (b) Schematic representations of
the images in (a) with the supposed MT track of dynein c (From Ref. (30)).
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2.3 Regulators of cytoplasmic dynein
2.3.1 Dynactin
One of the best studied accessory proteins that regulate dynein function is dynactin,
which is a 1.2 MDa protein complex. It contains 11 different sub-units, including the
largest p150 sub-unit and a filament of actin-related protein 1 (Fig. 2.13, (32)). Dyn-
actin interacts with dynein IC (54; 55) and has been shown to be involved in regulating
several of dynein’s functions such as cargo transport, mitosis and cell migration as well
as to recruitment of dynein to specific cargo (54; 56). In vitro, the effect of dynactin
on dynein has been to increase dynein’s processivity (57), without affecting dynein’s
motor activity (58; 59). The mode of regulation of dynein by dynatin is unclear: it
was originally believed to be the effect of dynactin’s p150Glued N-terminal CAP-Gly
MT-binding domain that increased dynein’s processivity. However, mutation of the
MT-binding domain had almost no effect on dynein’s run length during peroxisomal
transport in Drosophila S2 cells (60; 61). The ability of dynactin to increase dynein’s
processivity bidirectionally (59) is thought to help the dynein-dynactin complex over-
come obstacles on a crowded MT (61; 62).
A ct in- ca pping
pr o t ein
B a r b ed  end
(p150 G l ued )
P o int ed  end
(A R P 11,  p2 5,
p2 7  a nd  p6 2 )
C A P - G l y d o ma in
a nd  b a si c r eg io n
p50  si d ea r m (C C 1)
A R P 1 f il a ment
p50p2 4
Dynein I C
Figure 2.13: Dynactin - Scheme depecting multi-subunit protein complex dynactin and
its sub-units indicated. The interaction of dynein IC with dynactin is also shown. (Adapted
from Ref. (32))
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2.3.2 LIS1 and NUDE
LIS1 is a dimeric protein that was first identified as the gene involved in type I
lissencephaly (27; 32; 61; 63; 64; 65). Homologues of LIS1 in fungi such as the Pac1
in budding yeast and NuDF in Aspergillus nidulans were identified during nuclear mi-
gration (66; 67; 68). Another protein that interacts with both dynein and LIS1 is the
protein called NUDE. Together, LIS1, NUDE and dynein are essential for nuclear and
spindle positioning, cargo transport and for kinetochore activity (69; 70; 71; 72). While
LIS1 has a weak binding interaction with dynein’s AAA1 domain (72; 73), NUDE pro-
motes a strong interaction between LIS1 and dynein by acting as a scaffold molecule
(74; 75). While NUDE recruits dynein to kinetochores and centrosomes, LIS1 does
not have a recruiting role for dynein (73; 76). LIS1 has no effect on dynein’s ATP
hydrolysis activity (75; 77; 78), but in the presence of LIS1 or LIS1 and NUDE, dynein
stall durations were increased (75). LIS1 achieves this by stabilizing the MT-dynein
interaction under load when the dynein is in the force-producing state (75). This is
particularly important in a scenario with multiple motors acting on a big cargo such as
nuclei. LIS1 could then slowly transport this big cargo over large distances (Fig. 2.14).
2.4 Microtubules
The cytoskeleton is a network of filaments that provide shape and structure to prokary-
otic and eukaryotic cell. It also provides the scaffolding for the movement and transport
of various cellular structures and components. The cytoskeleton is made up of three
components: actin filaments, intermediate filaments and microtubules. In this section,
we will take a closer look at microtubules (MTs) (Fig. 2.15).
2.4.1 Structure
MTs are one of the building blocks of the cell. MTs are hollow cylinders with a diameter
of ∼ 25 nm, composed of tubulin subunits (Fig. 2.16 A, C). Each subunit of tubulin
is a heterodimer consisting of the globular α-tubulin and β-tubulin. In addition to
α and β-tubulin, there exists a third tubulin called γ-tubulin, that is responsible for
the nucleation of MTs. Polymerization of the tubulin dimers in a head-to-tail fashion
results in polar MTs that are formed from 13 protofilaments arranged parallely around a
hollow core (Fig. 2.16 B, C). The lateral contacts formed between the protofilaments i.e.
16
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Figure 2.14: LIS1 and NUDE - Schematic depicting the formation of the dynein-LIS1-
NUDE complex (left) and their effect on dynein functioning in the cell (right) (From Ref.
(75))
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Figure 2.15: Microtubules in cells - A speckle microscopy image of microtubule (yel-
low) and actin filament (purple) in HeLa cells. Image by Torsten Wittmann, UCSF.
α−α and β−β contacts make the MT rigid and stiff, with a persistence length of a few
millimeters (79). A ring-like structure made of γ-tubulin and other accessory proteins
called γ-tubulin ring complex (γ−TuRCs) provides the template for the nucleation of
new MTs. MT organizing centers of eukaryotes (MTOCs) consist of several γ−TuRCs
and other proteins. The centrosome is the major MTOC of most eukaryotic cells while
the spindle pole body (SPB) is the MTOC of fungi (79).
2.4.2 Dynamic instability of MTs
MTs are highly dynamic structures and undergo repeated assembly and disassembly
inside the cell. Each MT has a fast growing plus-end with an exposed β-tubulin subunit
and a slow growing minus-end with an exposed α-tubulin subunit. The plus-ends of
MTs are usually found away from MT-nucleating centers such as the centrosome. MTs
undergo a process known as ’dynamic instability’ wherein there is a rapid conversion
between growth and shrinkage (80; 81) (Fig. 2.17). The conversion from growth to
shrinkage is known as catastrophe, whereas the conversion from shrinkage to grown is
known as rescue. The dynamic instability of MTs requires energy and this energy is
derived from GTP-hydrolysis by tubulin (82; 83). While GTP-hydrolysis is required
for MT instability, it is not required for polymerization of MTs. Thus, stable MTs can
be grown using a non-hydrolizable analogue of GTP (79; 84).
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Figure 2.16: MT structure - (A) Electron micrograph of the cross-section of a MT,
showing the 13-protofilament structure, (B) Cryoelectron image of a MT assembled in vitro,
(C) Schematic of the cross-section MT in (B) and (D) Schematic showing the sideview of
a MT. (From Ref. (79))
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Figure 2.17: MT dynamic instability - Representation of inherent dynamic instability
of MTs with changes from growth to shrinkage i.e. catastrophe and changes from shrinkage
to growth i.e. rescue. (From Ref. (85)).
2.4.3 MTs during nuclear oscillations of fission yeast
MTs are essential during the nuclear oscillations in S. pombe (Fig. 2.18). 2-3 MT
bundles (17) emanate from the SPB (12; 19), with the minus-ends at the SPB and the
plus-ends at the cell periphery (14).
Each MT bundle that emanates from SPB consists 1-10 MTs (17). However, there
is no relative sliding of MTs within the bundle, nor is there growth or shrinkage of
individual MTs within the bundle, as was demonstrated using a photobleaching exper-
iment by Yamamoto et al. (14) (Fig. 2.19). Depolymerization of MTs using a drug
such as MBC (Fig. 3.28), or preventing polymerization of MTs using thiabenzadole
(19) causes cessation of nuclear oscillations.
MTs that are bound by cortically attached dyneins are pulled by these dyneins,
leading to the sliding of the MT (14). The shrinkage of MTs predominantly occurs
when the MT tip reaches the cell end (14). In vitro, dynein that was bound to a
substrate was found to stabilize MT plus-ends upon binding them (86). So too, on the
leading side when dynein on the MT binds an anchor, it seems to be able to stabilize
the MT from the SPB up to the anchored spot (Fig. 2.18, also apparent from first 2
images in Fig. 2.19).
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Figure 2.18: MT dynamics during nuclear oscillations - Timelapse image sequence
showing the dynamics of MTs during oscillations. Nucleus stained with Hoechst 33342
(left), MT labeled with GFP (center) and their merge (nucleus in red and MTs in green,
right) can be seen. The arrows indicate the direction of movement of the nucleus and
the white arrowheads point to the leading edge of the nucleus which would correspond to
SPB position. The numbers accompanying the images on the left indicate time (From Ref.
(19)).
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Figure 2.19: MTs within a bundle are non-dynamic during oscillations - Time-
lapse series of cells with GFP-labeled MTs during nuclear oscillations. The numbers on
the images indicate time in mins. The barbed and small arrowheads indicate the position
of the SPB and the region of photobleaching respectively (From Ref. (14)).
2.5 The anchor protein - Mcp5/Num1
The anchor protein of dynein at the cortex in S. pombe is a protein called meiotic coiled-
coil protein 5 (Mcp5) or nuclear migration protein 1 (Num1), which is a homolog of the
budding yeast Num1 protein (87) with 27% identity (15). The protein also has homologs
in other fungi such as in Aspergillus nidulans, known as ApsA (anucleate primary
sterigmata) and in Podospora anserina, known as Ami1 (anucleate microconnidia)
(88; 89). However, unlike Mcp5/Num1 in fission yeast, which in involved during meiosis,
all the other homologs are involved in vegetative growth (90). Orthologs of Num1 in
organisms other than fungi have not been identified yet (15).
In budding yeast, loss of Num1 leads to improper nuclear migration (90; 91) and also
leads to increased localization of dynein at MT plus-ends. This suggested that Num1
aids the transfer of dynein from the MT to the cortex and to anchor it (92; 93). In fission
yeast, loss of Num1 leads to cessation of nuclear oscillations, as well as the disappearance
of dynein spots from the cell cortex (15; 16), indicating a similar anchoring role for
dynein in fission yeast during meiosis. Further, S. cerevisiae Num1 interacts with
dynein via the dynein intermediate chain Pac11, as seen by co-immunoprecipitation
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experiments (91).
Even though fission yeast Mcp5/Num1 shares only 27% homology with budding
yeast Num1 (15), both proteins have a similar structure, with a coiled-coil (CC) domain
at the N-terminus and a pleckstrin homology (PH) domain at the C-terminus (15; 16)
(Fig. 2.20). While budding yeast has a number of nearly-identical 64-amino acid
repeats at its central region (87), Mcp5/Num1 from fission yeast only has a single copy
of this repeating unit (RU), just after the CC domain.
Figure 2.20: Structure of Mcp5/Num1 homologs - Schematic showing the structure
of Mcp5/Num1 homologs in budding yeast, A. nidulans and fission yeast and two mutant
constructs of Mcp5/Num1 in fission yeast lacking the PH domain and the single conserved
repeating unit (From Ref. (15)).
Mcp5/Num1 localizes to the cell cortex, with an inhomogeneous distribution along
the cell periphery (Fig. 2.21). The cell poles have a higher density of anchoring sites
than towards the middle of the cell. Further, dynein co-localizes with the anchor,
predominantly on the leading MT (Fig. 2.21). The exact dynamics of the anchor
distribution and spatial patterning is not known. S. cerevisiae Num1 is known to bind
to phospatidyl inositol (4, 5) disphosphate (PI (4, 5)P2) residues in the cell membrane
(94) via its PH domain. Mcp5/Num1 might bind to the cortex in a similar fashion.
By deleting either the PH domain of Mcp5/Num1 or the single repeating unit RU,
Yamashita and colleagues (15) constructed mutant anchors (Fig. 2.22). Mcp5/Num1-
∆RU was able to localize to the cortex, but these cells did not exhibit nuclear oscilla-
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Figure 2.21: Dynein co-localizes with the anchor at the cortex of fission yeast
- Merged image (left) of the dynein signal (green, top right) and Mcp5/Num1 signal (ma-
genta) from a fission yeast zygote during nuclear oscillations. The asterisk marks the
position of the SPB and the arrowheads mark the positions of colocalization of the anchor
and dynein signals.
tions. Mcp5/Num1-∆PH cells not only lost the ability to perform nuclear oscillations
but also cortical localization of the anchor (Fig. 2.22). This suggested that similar
to budding yeast (90; 91), the PH domain in Mcp5/Num1 is essential for the cortical
localization of the anchor, and hence, dynein’s anchor localization during meiosis. The
absence of Mcp5/Num1-∆RU from the MT and the SPB during meiotic prophase (Fig.
2.22) further suggested that the RU domain might be responsible for the binding of the
anchor to dynein, possibly via the dynein intermediate chain. Moreover, in the same
work, it was shown that the dynactin subunit Ssm4p is required for the localization of
dynein to the cortex (Fig. 2.23).
2.6 Single-molecule imaging
Various light microscopy techniques are available for the observation of single-molecules
inside a living cell (Fig. 2.24). Coelho et al. have covered a variety of these techniques
in a recent review (95). Total internal reflection fluorescence microscopy (TIRF) is
suitable for observation of molecules on or close to the membrane with high signal-
to-noise ratio (SNR). Highly inclined and laminated optical sheet (HILO) and selec-
tive plane illumination microscopy (SPIM) enable the visualization of molecules not
just at the membrane, but deeper into the cytoplasm and other organelles, similar to
24
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Figure 2.22: Localization of dynein in Mcp5/Num1 mutants - The top row of im-
ages shows the localization of Mcp5/Num1-∆PH-GFP and Mcp5/Num1-∆RU-GFP while
on the bottom row are images of Dhc1-GFP signal in Mcp5/Num1-∆PH and Mcp5/Num1-
∆RU backgrounds. The arrowheads indicate possible points of contact between the MT
and the cortex. (From Ref. (15)).
Figure 2.23: The anchor docks dynein at the cortex - Schematic of the likely inter-
action of dynein/dynactin complex, MT and the anchor protein Mcp5/Num1 to produce
nuclear oscillations (From Ref. (16)).
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widefield microscopy, but with higher SNR. For following a population of molecules,
photo-activation and photo-conversion are employed. Newer techniques such as photo-
activation localization microscopy/ stochastic optical reconstruction microscopy
(PALM/STORM) and stimulated emission-depletion (STED) microscopy have the ad-
vantage of a high resolution; however, fast imaging is not possible with these tech-
niques. For visualization of conformational changes in a molecule or the binding of
two molecules, Forster resonance energy transfer (FRET) is the preferred technique.
Fluorescent speckle microscopy (FSM) enables observation of molecules in areas of the
cell that are crowded.
In this body of work, we employed HILO microscopy to enable visualization of
dynein molecules in the cytoplasm as well as on the MT of fission yeast.
2.7 Dynein at the cortex
Dynein that is bound to a MT and simultaneously also to a substrate such as the glass
surface in in vitro experiments or the cell membrane in vivo, produces a pulling force
on the MT. This can be readily seen in MT-gliding experiments with dynein (49; 96),
as well as inside the cell, when dynein is anchored at the cortex and pulls on the MT,
and as a result, the organelles associated with the MT (97).
Numerous examples of the latter can be seen in cells. The first example is of
course, that of fission yeast nuclear oscillations during meiotic prophase that has been
introduced earlier in this chapter.
In budding yeast during anaphase, dynein that is off-loaded to the cortex via MTs is
required for pulling on the spindle and positioning and orienting it between the mother
and the bud (Fig. 2.25 A), (11; 98). In this case as well, an anchor protein of dynein
called Num1 is responsible for dynein’s cortical localization.
In C. elegans embryos, the P1 blastomere’s centrosome-nucleus complex rotation
is achieved by dynein anchored at the cortex between the AB and P1 blastomeres
(4; 99), Fig. 2.25 B). The rotation of the centrosome-nucleus complex is required for
the proper division of the P1 blastomere along the A-P axis (100). Dynein in C. elegans
is anchored to the cell cortex via a ternary complex consisting of the heteromeric Gα
proteins GOA-1 and GPA-16, the GoLoco proteins GPR-1 and GPR-2 and the coiled-
coil protein LIN5 (101; 102; 103; 104; 105).
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Figure 2.24: Observation of single-molecules in vivo - Schematic showing the many
different microscopic techniques available for the study of single molecules in various regions
of the cell (From Ref. (95)).
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In mammalian cells, dynein at the cortex has been implicated in spindle orientation
in MDCK epithelial cells localized to cortical belts during mitosis (Fig. 2.25 C, (106)),
as well as in spindle positioning in HeLa cells (99). The anchoring complex of dynein
in HeLa cells is the nuclear mitotic apparatus protein [NuMA]-LGN-Gαi (107; 108).
Finally, in Drosophila, the dynein-dynactin complex localizes to the posterior side
of the oocyte cortex (109; 110) as well as to the cortical caps that are actin-rich in the
blastoderm-stage embryo (Fig. 2.25 D, (111)) with the help of the protein DLis-1, the
LIS1 homolog in Drosophila (112). Dynein here is required for spindle orientation and
centrosome separation during mitosis (110; 113).
MT
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Figure 2.25: Functions of anchored dynein - Anchored dynein performs spindle
positioning in budding yeast anaphase (A), centrosome-nucleus rotation in C. elegans two-
celled embryo stage (B), spindle orientation and elongation in MDCK epithelial cell mitosis
(C) and centrosome separation in Drosophila embryos (D). (Adapted from Ref. (97))
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All these diverse processes across different organisms have the common feature of
dynein attached to the cortex, providing the pulling force on MTs to move organelles. In
this thesis, we will take a closer look at the first example of meiotic nuclear oscillations
in fission yeast.
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Results
3.1 Observation and quantification of movement of sin-
gle dyneins in the cytoplasm of Schizosaccharomyces
pombe
3.1.1 Dyneins can be imaged in the cytoplasm using HILO Microscopy
During meiotic prophase of fission yeast, dyneins are targeted to the cortical anchors
which are located at the cell periphery (15; 16). The cytoplasm is a likely candidate
via which this targeting could be mediated. So, to view dyneins in the cytoplasm of
the fission yeast zygote, we employed a Total Internal Reflection Fluorescence Micro-
scope (TIRF), which offers a high signal-to-noise ratio. Since we wanted to track the
movement of dynein in the cytoplasm, we made use of highly inclined and laminated
optical sheet (HILO) microscopy (114) on the TIRF set-up. While conventional TIRF
offers illumination up to a depth of around 200 nm from the sample surface, HILO
can provide a depth of penetration to up to 1.5 µm. In our set-up, we were able to
achieve a penetration depth of 1.3 ± 0.9 µm(Fig. 3.1). This depth would correspond to
1/3 ± 1/4 of the zygote being illuminated. Indeed, with this configuration and with a
high laser power, we were able to observe the movement of particles in the cytoplasm
of a zygote whose dyneins were both single and triple-tagged with GFP (Dhc1-GFP
and Dhc1-3GFP, strains FY15548 and SV56 respectively, see Table 6.1). Movies were
acquired at 200 fps to enable us to view the movement of dyneins (Fig. 3.3).
In addition, in our HILO imaging, the signal of dyneins in Dhc1-3GFP labeled
strain was different from the autofluorescent signal in a non-labeled strain (Fig. 3.2).
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Figure 3.1: Imaging using HILO penetrates the fission yeast cytoplasm to a
depth of around 1.3 µm - By using simple geometry and assuming a circular cross-
section of a perpendicular to the long axis of the cell and the coverslip, we were able to
estimate the penetration depth of the laser in our HILO set-up. A zygote imaged with a
Spinning Disk (SD) microscope had an illuminated width of 2r = 3.88 ± 0.65 µm (mean ±
s.d., n = 10 cells, 2 measurements per cell), whereas one imaged with HILO in our TIRF
microscope had an illuminated width of 2l = 3.69 ± 0.36 µm (mean ± s.d., n = 10 cells, 2
measurements per cell). The penetration depth d was then calculated as d = r−
√
r2 − l2
= 1.34 ± 0.9 µm. (mean ± s.d., n = 10 cells)
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Figure 3.2: Control experiment for dynein labeling - To check the labeling of dynein
in our experimental strain, we imaged a zygote obtained by the fusion of two unlabeled
wildtype strains (L972 and L975, see Table 6.1) in our HILO setup (see Materials and
Methods). The first sequence of images is that of a Dhc1-3GFP (SV56, see Table 6.1) zygote
and the second sequence is that of an L972xL975 zygote, both imaged with identical laser
power values and frame rates. The numbers on the sequences indicate the frame number
of the movie from which the image was taken. White lines mark the cell outlines.
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We confirmed that we were observing dyneins in the cytoplasm by comparing the
HILO movies with movies of particles visible in the central plane of a zygote imaged
with a Spinning Disk Microscope(Fig. 3.4, see Materials and Methods). First, a z-
stack spanning the entire zygote was acquired. Then a single-plane, 200-fps movie was
acquired at the central place of the z-stack. The particles visible in this plane were
similar to those observable in our HILO movies. Thus, we concluded that we were
indeed imaging in the cytoplasm in our HILO set-up.
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Figure 3.3: Dyneins are visible in the cytoplasm of fission yeast zygote - Image
and scheme of a zygote (strain SV56, see Table 6.1) visualized using HILO microscopy
at 200 fps with high laser power (see Materials and Methods). Dynein molecules in the
cytoplasm (‘DYN in CYTO’) of the zygote were visible. In addition, a bright spot corre-
sponding to the SPB and dyneins arranged in a linear fashion on the MT (‘DYN on MT’)
were also visible.
3.1.2 Dynein movement in the cytoplasm can be tracked with custom
software
Using a custom software developed in the laboratory by Alexander Krull, we were able
to track the movement of individual GFP-labeled dynein molecules (Fig. 3.5). The
tracking is based on a maximum-likelihood estimation of low-intensity dyneins using a
divide-and-conquer strategy. Tracking using the software yields the 2-dimensional posi-
tion of the object as well as the intensity of the object, after accounting for background.
Methods of the software are currently being prepared as a manuscript.
We then wanted to confirm that the dyneins visible in the cytoplasm were single
molecules. To this end, we adopted several methods as described below.
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Figure 3.4: The dyneins visible in the zygote are in the cytoplasm rather than
in the cell membrane - Image sequence of a 5 µm z-stack spanning the entire cell (strain
SV56, see Table 6.1). The depth of the plane is indicated above the image. The central
plane of the stack (at a depth of 2.5 µm) was chosen and imaging was performed in this
plane using conditions similar to HILO imaging, with a frame rate of around 160 fps and
high laser power. Molecules similar to those observed in our HILO movies were visible in
this case as well. Since in our SD movie, we were certain of being in the central plane and
in the cytoplasm, we could rule out the possibility that we were imaging dyneins in the
cell membrane.
3.1.3 Bleaching steps of fluorescently-labeled dynein on the MT
Using the STEPFINDER software developed by Kerssemakers et al. (115), we were
able to quantify the bleaching steps of dyneins bound to the MT in our fast movies
(Fig. 3.6). Each spot had an initial intensity of more than one dynein and hence the
spot tracked contained more than one dynein. The minimum step size detected by the
software for each trace was considered to be equal to (or occasionally greater than) the
intensity of a single GFP molecule. This value was estimated to be 0.24 ± 0.20 a.u.
(median ± median absolute deviation, n = 55)
3.1.4 The cytoplasmic dyneins are single molecules and are about 100
times less bright than the SPB
We hypothesized that for a Dhc1-GFP labeled dynein dimer, the signal intensity of
cytoplasmic dynein molecules that were tracked at the beginning of the movie would
be up to twice as much as that tracked at the end of the movie, where one GFP of
the dynein dimer could have bleached. On the other hand, if we were to observe the
intensity of a spot with more than 1 dynein dimer, such as the SPB, the intensity of
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Figure 3.5: Tracking of dyneins in the cytoplasm - Scheme (left) and image (right)
of an SV56 (see Table 6.1) zygote from a HILO movie acquired at 200 fps (see Materials and
Methods). To the right and bottom of the image are the maximum intensity projections
with time on to the y- and x-axis respectively of a portion of the movie. The magenta
arrowhead marks the time of the movie from which the image was taken. A dynein molecule
(‘DYN in CYTO’) tracked with the custom software (white track) has been shown below
the maximum intensity projections.
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Figure 3.6: Bleaching steps of dynein spots in fast-imaging - Plots showing raw
data (black line) and the corresponding fit (magenta line) obtained from STEPFINDER
software. Intensity of dynein signal is on the y-axis while frame number is on the x-axis.
200 fps movies of Dhc1-GFP (FY15548, see Table 6.1 and Materials and Methods) were
chosen and spots that were stationary during the duration of the movie (15 s) were tracked
for at least 50 frames.
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such a spot would decrease by some order of magnitude provided the time of imaging is
higher than the time of decay. Indeed, we observed that the intensity of the cytoplasmic
dyneins decreased by less than twice, whereas the intensity of the SPB decreased 10-fold
during the same time. An example from a 200-fps movie has been shown in Fig. 3.7.
In addition, the cytoplasmic particles were much dimmer than the SPB, with a signal
87 ± 41 times lower at the beginning of the movie (mean ± s.d., n = 30 cytoplasmic
particles from the first 500 frames of the movie from 10 cells).
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Figure 3.7: The cytoplasmic dyneins are single molecules and are 100 times
dimmer than the SPB - Plot of the intensity of the SPB (raw data: black circles,
smoothed intensity: solid black line) with time. The SPB intensity decreases exponentially
during the course of the movie. The intensity of single dyneins in the cytoplasm from the
same movie are shown in different colors (n = 19). The inset zooms in on the intensity
of selected single dyneins in the cytoplasm, indicating that they have similar intensities
throughout the movie.
3.1.5 Comparison of intensity of dyneins on SPB and dyneins in
the cytoplasm indicates that the SPB accumulates around 100
dyneins
The number of dyneins on the SPB of the fission yeast zygote was quantified by com-
paring the fluorescence intensity of a Dhc1-GFP zygote (FY15548, see Table 6.1) and
Cse4-GFP budding yeast cell (KBY7006, see Table 6.1) imaged in the same field of
37
3. RESULTS
view using a Spinning Disk microscope (Fig. 3.8, see Materials and Methods). Cse4 is
a centromeric histone H3-like protein that is essential for proper kinetochore function
(116). 4-5 Cse4 molecules are present at each kinetochore of budding yeast (117; 118).
This number is doubled during mitosis from 64 to 128 or from 80 to 160 (for 4 or 5
Cse4 molecules per kinetochore, since kinetochores double from 16 to 32 during mito-
sis). Half of this number moves into the daughter cell while the other half remains in
the mother during late anaphase. With this information, we estimated that the SPB
accumulated 121 ± 111 dyneins (mean ± s.d., n = 28 SPBs. assuming 4 Cse4 molecules
per kinetochore) or 152 ± 139 dyneins (assuming 5 Cse4 molecules per kinetochore).
This estimate is similar to the ratio of SPB to single dynein intenity in our HILO movies
calculated above and is indicative of observation of single molecules in the cytoplasm.
1µm
Fission yeast
Dhc1-GFP
Budding yeast
Cse4-GFP
Figure 3.8: The SPB contains about 100 dyneins - Image of Dhc1-GFP (FY15548,
see Table 6.1) and Cse4-GFP (KBY7006, see Table 6.1) acquired in the same field of view
using a Spinning Disk microscope. The intensity of the SPB and kinetochore fluorescence
were estimated from the first frame of the movie by using the tracking software. Note that
the cytoplasmic signal in the two cell types was not significantly different, with 2290 ± 309
a.u./pixel in Cse4-GFP budding yeast cell and 1999 ± 189 a.u./pixel in Dhc1-GFP fission
yeast zygote.
3.1.6 Histogram of intensities of cytoplasmic dyneins indicates that
they are single molecules
The intensity of cytoplasmic dyneins was quantified to verify that they were single
molecules. For each dynein molecule that is a dimer of two heavy chains, in a strain
with Dhc1-GFP (FY15548, see Table 6.1), there would be at most 2 GFPs per molecule
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that are unbleached and visible in our HILO movies. The other population of visible
dyneins in our movies would be that with one GFP bleached due to imaging, resulting in
a set of molecules with one GFP intact. Therefore, if we looked at the distribution of the
intensities, we would be able to observe two peaks corresponding to one and two GFPs-
intact populations. Indeed, we observed 2 peaks in the histogram of 211 cytoplasmic
dynein intensity values, with the second peak occurring at twice the intensity value of
the first peak (Fig. 3.9). The first peak would now represent the intensity value of GFP
(0.25 a.u.) and indeed, this value is similar to the value obtained from quantification
of bleaching steps described above (Fig. 3.6).
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Figure 3.9: The intensity histogram of cytoplasmic dyneins indicated that they
are single molecules - Histogram of intensity of dyneins, calculated by averaging intensi-
ties of first frames of each particle’s trace. The resulting values were binned and fitted using
least-squares method to a 2-Gaussian function (black line; individual Gaussians would lie
in the area marked by yellow dashed lines) of the form y = A1e
−(x−µ1)
2
2σ2 +A2e
−(x−µ2)
2
2σ2 , with
5 free parameters. A1 and A2 are the amplitudes of the 1st and 2nd Gaussian respectively;
µ1 and µ2 are the means of the 1st and 2nd Gaussian respectively and σ is the standard
deviation of both Gaussians.
3.1.7 Fluorescence decay of cytoplasmic dyneins suggests that they
are single dyneins
In our fast movies of Dhc1-GFP (strain FY15548, see Table 6.1 and Materials and
Methods), if we tracked molecules that had only one unbleached GFP initially, no
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decay in fluorescence intensity would be expected. On the contrary, bleaching would
be apparent if we tracked molecules with more than 2 GFPs intitally. So too, in a
mixture of molecules with 1 and 2 GFPs intact initially, we would see a decay in
intensity due to bleaching. Indeed, we see that only in the cases where there were
more than 1 GFP intact in the molecule at the start of tracking, a decay rate can be
calculated (Fig. 3.10). This further suggested to us that we were following single dynein
molecules in the cytoplasm of fission yeast.
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Figure 3.10: Decay in fluorescence intensity of dyneins in the cytoplasm sug-
gests that they are single molecules - Plot indicating the decay rates of dynein
molecules that had 1 GFP (first bar from the left, initial intensity (I0) between 0 and
0.27 a.u., n = 28), 2 GFPs (third bar from the left, I0 greater than 0.35 a.u., n = 22), or
a mixture of 1 and 2 GFPs at the start of tracking (second bar from the left, I0 between
0.27 and 0.35 a.u., n = 29).
3.1.8 Estimation of number of dynein molecules in the cytoplasm
Having established that the dynein molecules in the cytoplasm were single molecules,
we set out to count the number of dyneins in the cytoplasm. We performed this
by using our Dhc1-3GFP (strain SV56, see Table 6.1) fast movies and counting the
number of visible single molecules in the first frame of the movie. We estimated this
number to be 10 ± 3 dyneins (mean ± s.d., n = 10 cells). From our estimation of
penetration depth of HILO above, we concluded that we could observe molecules in
1/3 ± 1/5 of the cell volume. Therefore, in total, there are 30 ± 20 dyneins in the
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cytoplasm of a fission yeast zygote. Considering the cell to be a cylinder with a volume
of Vcell = 2 µm
2 × π × 14 µm = 180 µm3, we get a concentration of c = 0.3 ± 0.2 nM
(mean ± s.d.).
3.1.9 Quantification of dynein movement in the cytoplasm reveals
their diffusive nature
Using the tracking software, dynein molecules in the cytoplasm were tracked in 2D. The
cytoplasmic dyneins seemingly exhibit random movement (Fig. 3.11). To ascertain
that these dyneins were diffusing, Mean Squared Displacement (MSD) analysis was
performed. Indeed, a linear fit to the MSD data yielded a diffusion coefficient of 0.64 ±
0.01 µm2/s. This was true for both single and triple-labeled dynein molecules (Fig. 3.12;
FY15548 and SV56 respectively, see Table 6.1).
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Figure 3.11: Dyneins in the cytoplasm exhibit seemingly random movement
- Representive traces of dyneins in the cytoplasm, plotted until a time of 0.14 s (n = 15
dyneins, in different colors)
3.1.10 Diffusion coefficient of dynein in the cytoplasm from FRAP
analysis is 0.6 µm2/s
To check the reliability of our tracking software, we performed Fluorescence Recovery
After Photobleaching (FRAP) experiments on a strain where Dhc1-GFP was overex-
pressed (strain JW785, see Table 6.1) (Fig. 3.13, see Materials and Methods). The
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Figure 3.12: Dynein diffuses in the cytoplasm with a coefficient of 0.64 µm2/s -
MSD of dyneins in the cytoplasm plotted as a function of time lag for Dhc1-GFP (magenta,
error bars represent s.e.m., n = 211 traces from 55 cells of strain FY15548; see Table 6.1)
and Dhc1-3GFP (black, error bars represent s.e.m., n = 443 traces from 104 cells of strain
SV56; see Table 6.1) labeled dyneins. The diffusion coefficient Dcyt in both cases was
calculated from a weighted fit to the equation MSD = 4Dcyt∆t + offset (solid magenta
and black lines for Dhc1-GFP and Dhc1-3GFP respectively). The calculated Dcyt was 0.64
± 0.01 µm2/s. (mean ± s.d.)
42
3.1 Observation and quantification of movement of single dyneins in the
cytoplasm of Schizosaccharomyces pombe
analysis to obtain the diffusion coefficient of 0.6 ± 0.2 µm2/s (n = 10 cells) was per-
formed as decribed by Elowitz et al. (119).
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Figure 3.13: FRAP analysis yields a diffusion coefficient of 0.6 µm2/s for dynein
in the cytoplasm - Image of the cell before FRAP (top, first from left, -2 s). The cell
was FRAP-ed in the area marked by the magenta square (top, second from left, 0 s). In
the following images, fluorescent recovery can be observed in this bleached area. The area
marked by the magenta rectangle in the scheme of the cell (bottom left) was projected with
time to obtain the summed intensity projection in time. Analysis of this summed intensity
projection data to obtain the diffusion coefficient was performed as described by Elowitz
et al. (119) by calculating the first mode intensities (A1). The plot of ln A1 versus time is
shown to the right of the images, and from the fit to this data as described by Elowitz et
al., we get a diffusion coefficient of 0.4 µm2/s for this particular example. Repeating this
process for 9 other cells, the diffusion coefficient of Dhc1-GFP in 10 cells was found to be
0.6 ± 0.2 µm2/s (mean ± s.d.).
3.1.11 Summary
According to the model of nuclear oscillations proposed by Vogel et al. (17), dynein
redistribution needs to occur for the maintenance of nuclear oscillations. Dyneins that
are on the trailing side of the cell need to constantly move to the leading side and
contribute to the pulling force. And since the reversal of leading and trailing sides
occurs for every half-oscillation, this redistribution needs to occur in about 5 mins
(Period of nuclear oscillations is about 10 mins (17)). How does dynein redistribute in
the cytoplasm?
We started out by looking at the cytoplasm of fission yeast zygote, via which dyneins
could be targeted to the cortical anchors. We established a protocol wherein dynein
43
3. RESULTS
molecules whose Dhc1 was labeled with GFP, were observed using HILO microscopy on
a TIRF set-up. Using HILO microscopy up to 1.34 µm of the cytoplasm was penetrated.
This corresponds to about 1/3 of the cell volume.
Further experiments confirmed that we were observing single molecules in the cyto-
plasm. The number of dyneins in the cytoplasm could then be counted, yielding about
30 molecules or a concentration of about 0.3 nM. MSD analysis revealed the diffusive
nature of dyneins in the cytoplasm, with a diffusion coefficient of 0.64 µm2/s. This was
independently verified using FRAP experiments.
Can dynein redistribute in the cytoplasm by simple diffusion? To traverse the length
of a typical fission yeast zygote of 14 µm, given a diffusion coefficient of 0.64 µm2/s, a
dynein molecule would require about 142/(2 × 0.64) = 2.5 mins. This is considerably
less than the 5 mins that the molecule has to travel the distance. So we can conclude
that simple diffusion is sufficient for dynein to redistribute in the cytoplasm of the
zygote. It remains to be seen though, how dynein gets to the cortical anchors from the
cytoplasm.
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3.2 Dynein from the cytoplasm binds to and unbinds from
the microtubule
The fission yeast zygote has 2-3 radially arranged microtubule bundles, consisting of
1-10 microtubules per bundle (17) that do not move with respect to each other or with
respect to the SPB (14). Hence we refer to each bundle here as a microtubule (MT).
In addition, dynein that is found in a linear, non-motile array in our fast movies has
an underlying MT (Fig. 3.14).
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Figure 3.14: Dyneins found on a linear array are on a MT - HILO images of green
channel (left), red channel (center) and merge (right) of cells labelled with Dhc1-3GFP,
mCherry-Atb (strain SV81, see Table 6.1).
To produce force on the MT to pull the SPB, dynein needs to be bound simulta-
neously to both the MT and to its cortical anchor. Dynein from the cytoplasm that
needs to be anchored could reach its cortical anchoring site in one of two ways:
1. It could directly bind from the cytoplasm to the cortical anchor and wait for a
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passing microtubule (MT) to start pulling on the SPB, or
2. It could bind first to the MT and then subsequently bind to an anchor at the cell
cortex.
We observed dyneins in the cytoplasm in our HILO fast movies (see Materials and
Methods) and followed their movement to determine which of the two paths dynein
undertook on its way to the anchor.
3.2.1 Dynein binds first to the MT from the cytoplasm
In our HILO fast movies, we could occasionally see that a molecule that was diffusing
in the cytoplasm stopped moving abruptly and stayed at a point corresponding to a
location on the MT. We could ascertain the position of the MT by drawing a line
connecting the linear array of dyneins (Fig. 3.14). Three examples of such events can
be seen in Fig. 3.15 and Fig. 3.16. Fig. 3.15 A and B represent two ’clear’ binding
events where the diffusive movement of the dynein was apparent before the attachment
to the MT. Fig. 3.16 shows a borderline case wherein the dynein diffused only for a few
frames before binding to the MT. Note too that Fig. 3.15 A and B are examples from
later portions of the respective movies, when most of the dynein signal in the cytoplasm
had bleached away, enabling the binding event to be seen clearly. On the other hand,
Fig. 3.16 is an example from the beginning of the movie, when the background from
the cytoplasm as well as the signals from pre-existing dyneins on the MT was very
high, making it extremely difficult for us to observe the event. A binding event was
said to have occurred if a dynein that was diffusing in the cytoplasm for at least 3
frames abruptly bound to the MT and stayed on the MT for at least 5 frames after
having bound to it. In total, 27 binding events were observed in 104 movies. In all
cases, the movement of dynein diffusing in the cytoplasm stopped abruptly at a point
corresponding to that on a MT and not on an anchor, leading to the conclusion that
dynein binds first to the MT from the cytoplasm.
3.2.2 Calculation of binding rate
To calculate the binding rate of dynein to the MT from the cytoplasm, we need to
estimate the total duration of visible duration in our movies. We first analyzed one
typical movie imaged with ∼160 fps using HILO microscopy (see Materials and Meth-
ods) in its entirety. In 9 other movies, we measured the total duration of dynein traces
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Figure 3.15: Dynein binds to the MT - (A)The position of the MT is inferred from
an image from the beginning of a HILO movie (left, see Materials and Methods) and the
corresponding scheme is shown (below). Second from left is an image of the same cell
(strain SV56, see Table 6.1) at a later time when the dynein molecule of interest appears;
the white line marks the cell outline. The area inside the magenta rectangle with the dynein
of interest is enlarged and shown in the third image from the left. Consecutive maximum
intensity projections onto the y-axis (to the right of the image) and onto the x-axis (below
the image) show the dynein diffusing in the cytoplasm (‘DYN in CYTO’) and later binding
to the MT (green arrowheads, ‘DYN on MT’). The trace of the dynein obtained using the
tracking software is shown in white. The magenta arrowheads mark the time point of the
HILO image with the dynein of interest. (B) The image sequence shows another example
of a clear binding event in the area marked by the magenta arrowhead, with the diffusion
of dynein being marked with white arrowheads and the binding of dynein to the MT being
marked with magenta arrowheads. The numbers below the images represent time.
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Figure 3.16: A binding event from the beginning of the movie - An example
of a borderline binding event, wherein the diffusion of dynein in the cytoplasm (white
arrowheads) and the subsequent binding to the MT (magenta arrowheards) are hard to
observe. The numbers below the images indicate time.
in the 100-200 frame fragment. By comparing the total duration of dynein traces in the
100-200 frame fragments from the entirely analyzed movie and the 9 other movies and
the total duration of dynein traces in the entirely analyzed movie, we estimated the
total duration of dynein traces in the 9 other movies. From these 10 movies, we found
the ratio between the total duration of dynein traces per movie and the duration of
the movie to be 1.07. Using this ratio, we estimated that the total duration of dynein
traces in all 104 movies was 1440 s. We then calculated the binding rate (kon) as the
ratio of number of binding events to the total duration of visible dynein calculated
above i.e. kon = (27 ±
√
27)/1440 = 0.019 ± 0.004 s−1. Thus, a typical dynein would
spend 1/kon = 53 s in the cytoplasm before binding to a MT.
3.2.3 Dynein can unbind from the MT and go back to the cytoplasm
In our HILO movies, we could also see in some movies that dynein that was bound to
the MT detached and went back to the cytoplasm (Fig. 3.18). In total, only 6 such
events were observed in 104 movies. This low number could be attributed to the fact
that observation of unbinding events was more probable in the beginning of the movie,
when more unbleached dyneins were present on the MT. However, this also made it
very hard for us to see the unbinding event due to the high signal background from
pre-existing dyneins on the MT.
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Figure 3.17: Estimation of total duration of visible dynein - (The plot shows the
total duration of dynein traces in 100-frame long fragments of this movie. The dashed
magenta line represents the duration of 100 frames
3.2.4 Summary
We were interested in learning how dynein is targeted to the cortical anchors. Dynein
that is in the cytoplasm can bind to its cortical anchors by direct attachment from
the cytoplasm or by using the MT as an intermediary. Following the single dynein
molecule through the cytoplasm, we saw that the dynein would bind first to the MT.
The reverse unbinding process was also observed. From the binding steps observed we
could calulate the binding rate to be kon = 0.019 ± 0.004 s−1. Note that this is likely
an underestimate of the binding rate since binding events are rare as they are hard to
observe.
We then wanted to learn what kind of movement dynein performed on the MT to
be able to find the cortical anchor.
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Figure 3.18: Dynein on the MT can unbind and return to the cytoplasm - (A)
Image of a cell (left) and its scheme (below) showing a frame from fast HILO movie of Dhc1-
3GFP zygote (strain SV56, see Table 6.1). The area marked by the magenta rectangle is
enlarged and shown on the right as a sequence of images, showing a dynein on the MT
(magenta arrowheads) that detaches and goes back to the cytoplasm (white arrowheads).
(B) An additional unbinding event; the area marked by the magenta rectangle is depicted
on the right sequence of images, with dynein on the MT (magenta arrowheads) and dynein
detaching from the MT and returning to the cytoplasm (white arrowheads).
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3.3 Single dynein molecules diffuse on the MT upon bind-
ing from the cytoplasm
We observed that dyneins bound to the MT from the cytoplasm. We then wanted to
find out how dynein found its cortical anchor while bound to the MT. There are two
common hypotheses by which dynein could be targeted to the cortical anchoring sites:
(1) Minus-end directed movement by dynein, or
(2) Plus-end directed movement of dynein with the help of a kinesin.
The former is expected of dynein since it is a ubiquitous minus-end directed protein.
The latter has been observed in budding yeast anaphase spindle positioning, when the
kinesin Kip2 targets dynein to MT plus-ends from where dynein is off-loaded to cortical
anchors (120; 121).
3.3.1 Experiment to observe dyneins on the MT
Identification and quantification of the movement of single dyneins on the MT required
a few modifications to our fast-imaging HILO protocol (see Materials and Methods).
First, since it was hard to distinguish one molecule from another due to high signal
intensity of molecules on the MT (Fig. 3.19 A), it was essential that we pre-bleached
the signal of the cell. To this end, we proceeded as we did for imaging fast-moving
dyneins in the cytoplasm (∼50 fps, 5 ms exposure time, high laser power, ∼500 reps)
and bleached the signal of dynein in the field of view (Fig. 3.19 B).
Second, we needed to bring down the time resolution of our imaging to the time
scale relevant to SPB movement, i.e. 1 fps. We could then observe the abrupt arrival
of unbleached dynein molecules from a different field of view on to the MT (Fig. 3.20).
These molecules could now be followed clearly and their tracking could be performed
using the custom software developed in the laboratory (Fig. 3.20).
3.3.2 Dynein molecules tracked on the MT are single molecules
To confirm that the molecules we tracked on the MT were single molecules, we compared
their intensity histogram with that of dyneins diffusing in the cytoplasm, which are
known single molecules (see Section 3.1). The strains used for observing behavior on
both MT and cytoplasm were Dhc1-3GFP (strain SV81 and SV56 respectively, see
Table 6.1) and hence could be directly compared for their intensities. The range of
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Figure 3.19: Pre-bleaching of the cell to decrease fluorescence on the MT -
(A) Scheme (left) and image (right) of a Dhc1-GFP, Mcp5/Num1-tdTomato zygote (strain
SV93, see Table 6.1, from the first frame of the movie. (B) Maximum intensity projection
on to the y-axis of the ’pre-bleaching’ movie after which most of the dynein signal on the
MT has bleached away, leaving the image on the left. See Materials and Methods for more
details.
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Figure 3.20: Imaging at 1 fps to observe movement of dynein on the MT -
Image of the cell (left) after the pre-bleaching from Fig. 3.19. On the top right is the
maximum intensity projection of dynein signal with time on to the y-axis where the arrival
of unbleached molecules from the cytoplasm can be seen. On the bottom right, below
the maximum intensity projection are the tracks obtained from the tracking software of
dyneins on the MT (‘DYN on MT’) and the SPB. An example of a dynein track on the
MT is marked from when it bound to the MT (magenta arrowhead) to when it detached
from the MT or its signal bleaches (green arrowhead).
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intensities of both histograms is similar and in addition, the peak of both histograms
occur at almost the same intensity value (Fig. 3.21). Hence, we concluded that we
were observing single dyneins on the MT.
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Figure 3.21: Comparison of intensities of dynein in the cytoplasm and tracked
dyneins on the MT - Histograms of intensities of individual traces of dyneins that arrived
abruptly on the MT (n = 49 traces, left) and in the cytoplasm (n = 443 traces, right)
3.3.3 Diffusive behavior of dynein on the MT
Tracking of single dyneins on the MT was performed with the custom software (Fig.
3.20). If we expected minus-end directed movement, we would see dynein molecules
progressively moving towards the SPB with time. On the other hand, if we were to
expect plus-end directed movement, with dynein being carried as cargo of a kinesin,
for example, we would see dynein molecules moving progressively away from the SPB
with time. Curiously, in our tracking (Fig. 3.20), we see that all dynein tracks are
roughly parallel to the SPB indicating that dynein performs neither plus- or minus-end
directed movement towards either MT end.
Upon performing MSD analysis, we could confirm that dyneins were in fact diffusing
on the MT, with a diffusion coefficient of 0.0041 µm2/s (Fig. 3.22).
In addition, when similar experiments were carried out in a strain in which the
anchor had been deleted (Dhc1-3GFP, Mcp5/Num1∆, see Table 6.1), we observed the
same kind of behavior of dyneins on the MT (Fig. 3.23). Again, MSD confirmed the
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diffusive nature of dyneins in the background of anchor being deleted, indicating that
diffusion on the MT is the default behavior of dynein that is not bound to the anchor
(Fig. 3.22).
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Figure 3.22: MSD of dyneins on the MT - MSD of dyneins on the MT was cal-
culated after movement of the SPB was subtracted (grey and black circles for WT and
Mcp5/Num1∆ respectively). This would give the movement of dynein relative to the MT.
A weighted fit was performed to the equation MSD = 2DMT ∆t + offset (solid grey and
black lines for Dhc1-3GFP WT and Mcp5/Num1∆ strains respectively) to yield a diffusion
coefficient DMT of 0.0041 ± 0.0007 µm2/s for WT Dhc1-3GFP (n = 49, mean ± s.d.) and
0.0050 ± 0.0003 µm2/s for Mcp5/Num1∆ strain (n = 39, mean ± s.d.). The grey rectangle
contains the area where subpixel movement of dynein would lie. Error bars represent s.e.m.
3.3.4 Diffusion of dynein on the MT is in a direction parallel to the
MT
We compared the diffusion of dynein in a direction parallel to the MT as well as
perpendicular to the MT Fig. 3.24). The diffusion is parallel to the MT since diffusion
in the perpendicular direction is negligible.
3.3.5 Estimation of number of dyneins on the MT
For estimating the number of dyneins diffusing on the MT at given time, the first
frame of the pre-bleaching movies of dynein on MT similar to the one described in
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Figure 3.23: Dyneins diffuse on the MT in a Mcp5/Num1∆ background - Scheme
(left) and image of the cell (right) after pre-bleaching. On the top right is the maximum in-
tensity projection of dynein signal with time on to the y-axis where the arrival of unbleached
molecules from the cytoplasm can be seen. On the bottom right, below the maximum in-
tensity projection are the tracks obtained from the tracking software of dyneins on the MT
(‘DYN on MT’) and the SPB.
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Figure 3.24: Dynein movement is in a direction parallel to the MT - Plot on the
left depicts movement of dynein on the MT in a direction parallel to MT and on the right
is movement perpendicular to the MT for the same dynein traces.
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Fig. 3.19 B was used to count the number of dyneins on the MT. The trailing MTs
were chosen since when on the trailing MT, most dyneins are bound only to the MT
and not simultaneously to both the MT and the anchor (17). The length of trailing
MT visible was also measured and thus, we calculate number of dyneins per length of
MT as 1.6 ± 0.4 µm−1 (mean ± s.d., n = 15 cells). Therefore, we estimate around 23
dyneins diffusing along a 14 µm-long MT at any given time.
3.3.6 Calculation of unbinding rate of dynein from the MT
We calculated the unbinding rate of dyneins from the MT (koff) as the ratio of number
of dyneins that disappeared from the MT to the total duration of all dyneins that bound
to the MT and laster for at least 3 s, i.e. koff = (74±
√
74)/840 s−1 = 0.09± 0.01 s−1
(mean ± s.d.). Since the photobleaching rate of Dhc1-3GFP on SPB is 10 times smaller
at 0.007/frame (at 135 frames/s, n = 10 cells), the estimated koff reflects the actual
binding rate of dynein from the MT. This implied that dyneins that diffused on the MT
had a dwell time of 1/koff = 11 ± 1 s (mean ± s.d.), after which they either unbound
from the MT or bleached away (Fig. 3.20)
3.3.7 Re-estimation of binding rate kon
Since the number of dyneins in the cytoplasm and on the MT, as well as the binding and
unbinding rates are mutually dependent, we re-estimated the binding rate kon based
on other measured parameters. On the trailing MT, the density of dyneins bound
only to the MT is the result of binding of dynein from the cytoplasm and the reverse
unbinding process. This is the steady-state solution to the two-step model from Vogel
et al. (17) which gives kon =
koffnMTLcell
ncyt
= 0.07 ± 0.05 s−1. This rate is larger than
the kon measured from direct observation above (Section 3.2.2). The measured kon of
0.019± 0.004 s−1, as mentioned previously, is most likely underestimated since binding
events are hard to see.
3.3.8 Summary
We established a protocol for observing single molecules on the MT using HILO mi-
croscopy. Tracking of single dyneins on the MT and their subsequent MSD analysis
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revealed their surprising diffusive behavior in both WT as well as Mcp5/Num1∆ back-
ground. This hinted to us that diffusion is the default behavior of dynein in the absence
of anchors. The diffusion coefficient for WT dynein on the MT was calculated to be
0.0041 ± 0.0007 µm2/s and that of dynein in Mcp5/Num1∆ background to be 0.0050
± 0.0003 µm2/s (mean ± s.d.). Further, we concluded that the diffusion of dynein
on the MT was in a direction parallel to that of the MT, rather than in a direction
perpendicular. Finally, we estimated the unbinding rate of dynein from the MT, koff,
to be 0.09 ± 0.01 s−1 (mean ± s.d.), and hence the dwell time of dynein on the MT to
be 11 ± 1 s (mean ± s.d.). We also estimated that at any given time, the number of
dyneins diffusing on the MT is ncyt = 1.6± 0.4 µm−1.
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3.4 Dyneins that diffuse on the MT bind to cortical an-
chors
We observed that dyneins bound from the cytoplasm to the MT and underwent diffusion
on the MT. The question then was if dyneins on the MT could bind to the cortical
anchor Mcp5/Num1.
3.4.1 Dyneins bound to the anchor Mcp5/Num1 are stationary
While it is known that dyneins bound to both the MT and the anchor provide the
pulling force required to move the nucleus (17), we wanted to establish the behaviour
of dynein on the anchor with respect to the kind of movement that it performed. So, we
imaged cells with dual labeling of dynein and the anchor (Dhc1-GFP, Mcp5-tdTomato,
strain SV93, see Table 6.1). The imaging protocol was similar to the pre-bleach, 1 fps
protocol followed for imaging diffusion of single molecules on the MT (see Materials
and Methods). Dynein spots bound to the anchor on the leading side were tracked and
MSD analysis was performed (Fig. 3.25). We observed that dynein spots on the anchor
were stationary, with their MSD data lying in the region of sub-pixel movement.
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Figure 3.25: Dyneins on the anchor are stationary - Plot showing MSD of dyneins
bound to the anchor Mcp5/Num1 (black circles). Error bars represent s.e.m. and the grey
rectangle encloses the area pertaining to sub-pixel movement.
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3.4.2 Dynein on the MT binds to cortical anchors
We now set out to see if the dyneins that diffused on the MT could bind cortical
anchors. We identified a binding event to have occurred if a dynein molecule moving
on the MT bound to and stopped moving at a location corresponding to a cortical
anchor. Indeed, we could observe several such anchoring events (Fig. 3.26). The
intensity at the anchored spot after the anchoring event increased with time, consistent
with previous findings in Vogel et al. (17).
In the five examples from Fig. 3.26, as well as in 12 other events out of 20, we
typically saw that an increase in signal at the anchored spot was followed by decrease
in intensity in the neighborhood (Fig. 3.27).
3.4.3 Dyneins bind to the cortex in a MT-dependent fashion
The decrease in dynein signal in the neighborhood that accompanied the increase in
signal at the anchoring site suggested that signal of dynein at these anchoring sites
would decrease in the absence of the MT. Indeed, when we used the MT-depolymerizing
drug MBC (see Materials and Methods), we observed that the appearance of spots of
dynein on the cortex was highly reduced (Fig. 3.28). This indicated that the anchoring
of dynein to the cortical anchor Mcp5/Num1 occurred in a MT-dependent fashion, with
binding to the anchor occurring subsequent to binding to the MT, rather than directly
from the cytoplasm.
3.4.4 Counting of number of anchored dyneins at a spot
By comparing the fluorescence intensity from Spinning Disk images (see Materials and
Methods) of the SPB and the brightest anchored spot of dynein at the cell end (Fig.
3.29), we estimated the number of dyneins in the anchored spot to be 28 ± 8 (mean ±
s.d., n = 19 cells expressing Dhc1-GFP, strain FY15548, see Table 6.1). This estimated
number of dyneins in the anchored spot reflects the maximum number of dyneins that
accumulate in a spot because the number of dyneins in a spot increases as the SPB
approaches the spot.
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Figure 3.26: Dyneins on the MT bind to the cortical anchor Mcp5/Num1 - (A)
Scheme (left) and image of a cell (right) expressing Dhc1-3GFP (strain SV81, see Table 6.1).
The magenta rectangle enclosing the SPB and an anchored dynein spot (‘Anchored DYN’)
is enlarged and shown as an image montage on the top right in color map that scales linearly
with intensity. Below the montage, a scheme depicting the dynein movement (‘DYN on
MT’) and its subsequent anchoring (magenta arrowhead) to the anchor (‘DYN on anchor’)
can be seen. The intensity at the anchored spot increases when the anchoring event occurs.
(B) Four additional examples of anchoring events are shown. Each example has a montage
in a color map that scales linearly with intensity per pixel depicting the anchoring event
(top), and the corresponding scheme (below), showing the dynein on the MT (‘DYN on
MT’) binding to the anchor (magenta arrowhead, ‘DYN on anchor’). The numbers above
the montages represent the time and SPB movement in all cases was towards the anchored
spot. 61
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Figure 3.27: Dyneins accumulate at the cortical anchors from the MT, as
opposed to binding directly from the cytoplasm - Intensity profile along the MT,
the highest peaks come from anchored dyneins (strain SV81, see Table 6.1). The MT plus
end was close to 0 pixel and the MT was moving from right to left. The green line denotes
the intensity profile before the signal of anchored dyneins increased, which we interpret
as anchoring of new dyneins. The magenta line denotes the intensity after the increase in
the signal of anchored dyneins. The 12 plots on the top as well the examples in Fig. 3.26
are examples where an increase in intensity at the anchoring spot was accompanied by a
decrease in intensity in the neighbourhood. The 3 events at the bottom are those where
an abrupt increase in intensity at the anchored spot is observed.
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Figure 3.28: In the presence of MBC, occurrence of dynein spots at the cortex
is highly reduced - Before addition of MBC (Row 1, strain VA006, see Table 6.1), the
oscillations occurred normally and 3.1 ± 0.6 anchored dynein spots with an intensity of
at least 1/4 of that of the SPB appeared in a time interval of 10 min (mean ± s.d., n =
9). Filled green arrowheads indicate an anchored dynein spot, filled magenta arrowheads
indicate a cortical anchor, filled white arrowheads indicate co-localization of dynein and
anchor signals in the merged image, and green, magenta and white asterisks mark the
position of SPB in the green channel (left column), red channel (middle column) and
merge (right column), respectively. When MBC was added (Row 2), MTs depolymerized
and dyneins disappeared from the cortical anchors (empty green arrowheads). Only 0.1 ±
0.3 anchored dynein spots appeared in a time interval of 10 min (mean ± s.d., n = 9, paired
t-test p < 0.0001 comparing the number of spots before and during MBC treatment). After
wash-out of MBC, we observed the appearance of dynein signal on the MT first (Row 3,
green, magenta and white arrows indicating the location of the dynein signal).
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Figure 3.29: Counting of number of dyneins on the anchor - An example first
frame of a movie where the SPB was roughly 2 µm away from the spot in that frame. The
signal from the SPB was assumed to correspond to 100 dyneins to estimate the number of
dyneins in the spot.
64
3.4 Dyneins that diffuse on the MT bind to cortical anchors
3.4.5 Summary
Dyneins that bound to the MT from the cytoplasm underwent diffusion on the MT. This
movement could aid them to bind to cortical anchors. In addition, we could observe with
experiments using the MT-depolymerzing drug MBC, that the association of dynein
first with MT was essential to their being subsequently anchored to the cortical anchors.
Once bound to the anchors, dyneins were stationary. During nuclear oscillations, about
3 cortical spots (17), each with 28 ± 8 (mean ± s.d.) dyneins were formed.
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3.5 Dynein is activated upon binding to cortical anchors
Thus far, we have seen that dynein is targeted to the cortical anchors in a two-step
process, with the binding to the MT acting as the intermediate step. Interestingly,
we also observed that while dynein diffused in the cytoplasm and surprisingly also
on the MT, it started performing directed movement once it bound to the anchor at
the cortex. This activation is evident since this is the driving force behind nuclear
oscillations. So, this lead us to hypothesize that the binding of dynein to the anchor
Mcp5/Num1 activates it. The following sections describe the experiments we carried
out to verify this hypothesis.
3.5.1 Dynein on the MT performs directed movement in a Mcp5/Num1-
PH∆ background
As was mentioned in the Introduction, the anchor protein of dynein Mcp5/Num1
contains two domains that aid its functioning. The first, a coiled-coil domain helps
Mcp5/Num1 bind to dynein and the second, a pleckstrin-homology (PH) domain helps
it bind the cell membrane (15; 16). If the binding of dynein to the anchor alone were
sufficient to activate it, then in a strain in which the anchor is unable to bind to
the cortex (Mcp5/Num1-PH∆), we should be able to see dyneins on the MT mov-
ing in an activated fashion. Indeed, when we constructed such a strain, (Dhc1-3GFP,
Mcp5/Num1-PH∆, strain JT932 transformed with p3CH1-num1PH∆ plasmid, see Ta-
ble 6.1), we could see not just diffusing dyneins on the MT like in WT cells, but also a
new population of ‘activated’ dyneins that were moving in a minus-end directed fashion
towards the SPB (Fig. 3.30).
Further, MSD analysis of dyneins on the MT in the Mcp5/Num1-PH∆ background
revealed their directed nature (Fig. 3.31).
3.5.2 Estimation of velocity of minus-end directed movement of dynein
in Mcp5/Num1-PH∆ strain
The velocity of this minus-end directed movement of dynein was measured as the slope
of the trace in the maximum intensity projection on to the y-axis (yellow line as an
example in Fig. 3.32). The velocity of minus-end directed movement was −8.3 ±
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Figure 3.30: Dynein is activated upon binding to the cortical anchor
Mcp5/Num1 - Scheme (left) and image of a cell (right) expressing Dhc1-3GFP,
Mcp5/Num1-PH∆ (strain JT932 transformed with p3CH1-num1PH∆ plasmid, see Ta-
ble 6.1). To the right is the maximum intensity projection with time on to the y-axis and
below are the traces of dynein on the MT (‘DYN on MT’) and dynein on the SPB obtained
using the tracking software.
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Figure 3.31: MSD analysis of dyneins on the MT in Mcp5/Num1-PH∆ strain -
MSD of dynein on the MT as a function of time lag for Mcp5/Num1-PH∆ strain (magenta,
n = 52 dynein traces from 14 cells, strain JT932 transformed with p3CH1-num1PH∆
plasmid, see Table 6.1). A fit to the equation MSD = v2∆t2 + 2DMT ∆t+ offset (magenta
line) yielded a velocity v = 2.8 ± 1.0 µm/min and diffusion coefficient DMT = 0.006 ±
0.008 µm2/s. Note that this velocity is likely underestimated since it could include dyneins
that are diffusing on the MT. The black and grey lines show the MSD fit for Mcp5/Num1∆
and wild type, respectively, from Fig. 3.22 for comparison.
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0.8 µm/min (mean ± s.d., n = 52 traces from 6 cells). Note that this velocity is
significantly different from the shrinkage rate of MTs (p < 0.0001, see Fig. 3.33 below).
y
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Figure 3.32: Dynein moves with a velocity of -8.3 ± 0.8 µm/min in
Mcp5/Num1-PH∆ strain - Maximum intensity projection onto the y-axis of a cell
(strain JT932 transformed with p3CH1-num1PH∆ plasmid, see Table 6.1) imaged using
HILO microscopy (see Materials and Methods). The yellow line indicates an example
whose slope was used for the calculation of dynein velocity on the MT.
3.5.3 MTs exhibit similar behaviour in both Mcp5/Num1-∆ and Mcp5/
Num1-PH∆ strains
To rule out the possibility that the minus-end directed movement of dynein on the
MT in the Mcp5/Num1-PH∆ strain was due to shrinkage of MTs, rather than actual
movement of dynein, MT dynamics were studied in strains with Mcp5/Num1∆ and
Mcp5/Num1-PH∆ (Fig. 3.33, strain FY16826 and strain FY16826 transformed with
p3CH1-num1PH∆ plasmid, see Table 6.1). We observed no significant differences in
the two strains with respect to the microtubule dynamics. Table 3.1 summarizes the
results.
3.5.4 Dyneins colocalize with Mcp5/Num1-PH∆ at the SPB
We then set out to see an interaction between dynein and the truncated anchor. We
did this by constructing a strain with Dhc1-tdTomato and Mcp5/Num1-PH∆-GFP
(strain SV108 transformed with pRGT1-num1∆PH-GFP plasmid, see Materials and
Methods and Table 6.1). We then employed HILO microscopy on live cells as well
as Spinning Disk microscopy on methanol-fixed cells (see Materials and Methods) to
look for colocalization of the signals. Indeed, in contrast to WT cells (Dhc1-GFP,
Mcp5/Num1-tdTomato, strain SV93, see Materials and Methods and Table 6.1), where
there was negligible colocalization of anchor and dynein signals at the SPB (Fig. 3.34
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Figure 3.33: Comparison of MT dynamics in Mcp5/Num1∆ and Mcp5/Num1-
PH∆ strains - Image and maximum intensity projection on to the y-axis of a cell ex-
pressing GFP-atb2 in Mcp5/Num1-∆ background (top, strain FY16826, see Table 6.1)
and image and maximum intensity projection on to the y-axis of a cell expressing GFP-
atb2 in Mcp5/Num1-PH∆ background (bottom, strain FY16826 transformed with p3CH1-
num1PH∆ plasmid, see Table 6.1). The asterisks mark shrinking events. The slope of the
white lines gives the growth rate of MT while the slope of the yellow lines gives the shrink-
age rate of MTs.
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A), we saw a clear colocalization of truncated anchor and dyneins signals at the SPB
(Fig. 3.34 B). This suggested to us that there was indeed interaction between the
truncated anchor and the dynein and in some cases (such as in Fig. 3.34 B, ‘Live-cell
imaging’, second cell), colocalization was also visible along the MT.
3.5.5 Dyneins on the MT are activated when tagged with tdTomato
In the strain used above to check for colocalization of dynein and truncated anchor
signal at the SPB (strain SV108 transformed with pRGT1-num1∆PH-GFP plasmid, see
6.1), dynein was labeled with tdTomato (Dhc1-tdTomato). In contrast to WT diffusive
behaviour of Dhc1-tdTomato on the MT (Fig. 3.35 A), we saw directed movement
of tdTomato labeled dynein in the strain with truncated anchor (Mcp5/Num1-PH∆-
GFP, Fig. 3.35 B). The velocity of this minus-end directed movement in Mcp5/Num1-
PH∆ cells was -4 ± 2 µm/min (mean ± s.d., n = 46 traces from 12 cells). This
velocity, however, is different from the velocity of Dhc1-3GFP in Mcp5/Num1-PH∆
cells measured above in Fig. 3.32. The difference may be due to the difference in the
imaging of the two strains. For imaging Dhc1-tdTomato, no pre-bleaching was done
since the td-Tomato bleaches quickly. In addition, the exposure times and laser power
used on these two strains were different (see Materials and Methods). Thus, in the
case of Dhc1-tdTomato, we may have been observing dynein spots containing single
or multiple dyneins, in contrast to the Dhc1-3GFP case in which we observed single
dyneins on the MT.
3.5.6 Quantification of proportion of diffusive vs. activated dyneins
in Mcp5/Num1-PH∆ strain
We then wanted to estimate the proportion of dyneins in the Mcp5/Num1-PH∆ back-
ground that underwent diffusive movement and those that underwent directed move-
ment. The methodology is explained in the figure captions of Fig. 3.36.
3.5.7 Summary
Observation of dynein diffusion in the cytoplasm and diffusion on the MT, transforming
to directed movement when bound simultaneously to the MT and to the anchor lead
us to hypothesize that the binding of dynein to the anchor activates it. Indeed, when
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Figure 3.34: Dynein and Mcp5/Num1-PH∆ signals colocalize at the SPB - (A)
Methanol-fixed WT cells (strain SV93, see Table 6.1) showing dynein (Dhc1-3GFP, column
1) and WT anchor (Mcp5/Num1-tdTomato, column 2) localization and the merge (Dhc1-
3GFP in magenta and Mcp5/Num1-tdTomato in green, column 3). White arrowheads
mark the position of the SPB. (B) Methanol-fixed cells (top) and live cells (bottom, strain
SV108 transformed with pRGT1-num1∆PH-GFP plasmid, see Table 6.1) showing dynein
(Dhc1-tdTomato, column 1) and truncated anchor (Mcp5/Num1-PH∆-GFP, column 2)
localization and the merge (Dhc1-tdTomato in magenta and Mcp5/Num1-PH∆-GFP in
green, column 3). White arrowheads mark the position of the SPB.
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Figure 3.35: Dyneins labeled with tdTomato exhibit directed movement on
the MT in a strain with truncated anchors - Image of cell (left) and a time-lapse
sequence of the region indicated by the magenta lines, showing the movement of the SPB
(brightest spot) and of dyneins on the MT (other white spots). Dyneins tagged with
tdTomato show diffusive behavior on the MT in wild-type cells (Row 1, strain SV108, see
Table 6.1, Materials and Methods). In cells expressing Mcp5/Num1-PH∆ (Rows 2 and 3,
strain SV108 transformed with pRGT1-num∆PH-GFP plasmid, see Table 6.1, Materials
and Methods), minus-end directed movement of dyneins tagged with tdTomato can be
seen. Numbers above the images indicate the time in seconds.
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Figure 3.36: Quantification of dynein movement on MTs in Mcp5/Num1-PH∆
cells - Histograms show the distribution of ∆x, with negative ∆x indicating movement
towards the SPB (minus-end of MT) and positive ∆x indicating movement away from the
SPB. For wild-type cells (top, n = 36, strain SV81, see Table 6.1), a Gaussian fit to the
histogram (magenta line) yielded a mean (µ) and standard deviation (σ) of -0.3 µm and 0.4
µm. Data for ∆x of dynein on the MT in the Mcp5/Num1∆ strain (middle, n = 88, strain
JT392, see Table 6.1) and in the Mcp5/Num1-PH∆ strain (bottom, n = 122, strain JT932
transformed with p3CH1-num1PH∆ plasmid, see Table 6.1, Materials and Methods) are
shown. To obtain the fraction of dyneins that are moving in a minus-end directed fashion
in the mutants, we set the cut-off at 2 times σ of the wild-type distribution (grey shaded
rectangles), i.e., at -0.8 µm. We found 2 out of 88 dyneins or 2% with ∆x < -0.8 µm
(-0.828 ± 0.003 µm, mean ± s.d.) in the Mcp5/Num1∆ strain and 29 out of 122 dyneins
or 24% with ∆x < -0.8 µm (-1.2 ± 0.2 µm, mean ± s.d.) in the Mcp5/Num1-PH∆ cells.
From this estimate, we get a velocity of minus-end directed movement for the activated
dyneins in the Mcp5/Num1-PH∆ strain to be -7.4 ± 1.2 µm/min (mean ± s.d.). Note
that this method of estimation of velocities underestimates the actual velocity because it
ignores the curvature of the cell or the MT on which the traced dynein resides.
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Parameter Mcp5/Num1∆, Mcp5/Num1-PH∆, GFP-atb2 Unpaired
(mean ± s.d.) GFP-atb2 (FY16826 + p3CH1- t-test
(FY16826) num1PH∆) p value
Shrinkage rate −11± 5 µm/min −11± 4 µm/min 1
(n = 37) (n = 56)
No. shrinking MT 1.2± 0.3 1.4± 0.3 0.2
/min (n = 7 movies) (n = 8 movies)
Growth rate 2± 1 µm/min 3± 1 µm/min 0.0001
(n = 24) (n = 37)
No. growing MT 0.7± 0.2 0.9± 0.3 0.2
/min (n = 7 movies) (n = 8 movies)
Table 3.1: MT dynamics- Differences in MT dynamics between Mcp5∆ and
Mcp5/Num1-PH∆ strain are shown.
we constructed a strain in which the anchor did not have the ability to bind to the
membrane - Mcp5/Num1-PH∆, we could observe dyneins on the MT performing di-
rected movement towards the SPB with a velocity of -8.3 ± 0.8 µm/min (mean ± s.d.).
About 24% of all the dyneins on the MT in this Mcp5/Num1-PH∆ strain exhibited
directed movement. Dyneins also colocalized with the truncated anchor Mcp5/Num1-
PH∆ at the SPB, which was in contrast to the WT scenario, where no colocalization of
dynein with the WT anchor was seen. This indicated that the activation of dynein in
the Mcp5/Num1-PH∆ strain was most likely due to direct interaction. Furthermore,
dynein labeled with tdTomato also exhibited directed movement in an Mcp5/Num1-
PH∆ background, eliminating the possibility of tag-specific activation. The activation
of dynein on the MT was due to movement of dynein towards the minus-end and not
due to shrinkage of MTs since the MT dynamics in a Mcp5/Num1-∆ and Mcp5/Num1-
PH∆ strain were identical. Thus, we conclude that dynein is activated as a minus-end
directed protein only upon binding to the cortical anchor Mcp5/Num1 in fission yeast.
3.6 Behavior of the model
Vogel et al. previously developed a model for meiotic nuclear oscillations in fission
yeast (17). In their minimal model, dynein binds simultaneously to the MT and to
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the cortex and this accounts for the oscillations observed experimentally. In addition,
Vogel et al. generalized the minimal model to include a two-step binding process in
which dynein from the cytoplasm binds first to the MT and subsequently also to the
cortex.
Here, Dr. Nenad Pavin, (Department of Physics, University of Zagreb, Croatia) inves-
tigated the behavior of this generalized two-step model, which we refer to simply as
model. The two-step binding process of dynein consists of 2 binding rates and 2 unbind-
ing rates. In previous work by Vogel et al., none of these rates were measured; hence
it was assumed in the model that the corresponding processes occured at a timescale
of seconds to minutes. A prediction of the model was that these rates have to be in a
certain range for the model to generate oscillations and dynein distribution similar to
those observed experimentally. In our current work, we have measured 2 of these rates
(binding from the cytoplasm to the MT i.e. kon and unbinding from the MT into the
cytoplasm i.e. koff (see Sections 3.2.2, 3.3.6). We will now test the model using the 2
measured rates and the measured number of dyneins in the cytoplasm.
In our model, two MTs emanate from the SPB in opposite directions (Fig. 3.37 A).
The description of MT dynamics is given by:
dL
dt
= vmt, (3.1)
where L is the length of the MT, t is time, vmt = vg when the MT grows and vmt = vs
when the MT shrinks; vg and vs being the growth and shrinkage velocities respectively.
Equation 3.1 describes the dynamics of MT growing to the left and to the right when
we replace L by Ll and Lr respectively. The switch from growing to shrinking MT
occurs when the MT reaches the cell end. Following this, the MT shrinks until it
disappears, i.e. its length becomes zero. Thereafter, a new MT nucleates and grows.
The forces acting on the left and the right MT, Fl and Fr and the viscous friction force
are balanced:
ξ
dxSPB
dt
= Fl + Fr, (3.2)
where xSPB is the SPB’s position along the long axis of the cell, and ξ, the coefficient
of friction of the system consisting of the nucleus, SPB and MTs. The attached motors
exert forces, Fl = Nl,afl and Fr = Nr,afr. Thus, Nl,a and Nr,a are the total numbers
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of motors attached to each MT and bound to the cortex, and fl and fr are the forces
generated by single motors on the left and right MTs respectively. The linear force-
velocity relationships, v = v0(1 + fl/f0) and v = v0(−1 + fr/f0) describe the forces fl
and fr respectively. The velocity of the motor with respect to the MT is v = −vSPB =
−dxSPB/dt, where vSPB is the velocity of the SPB. v0 denotes the force in the absence
of load and f0 is the stall force of the motor.
The linear density of motors on the left MT is nl = nl,MT + nl,a, where nl,MT =
Nl,MT /Ll is the linear density of motors bound only t the MT and Nl,MT is the number
of such motors. On the other hand, nl,a = Nl,a/Ll is the linear density of motors bound
to the MT and attached to the anchors at the cortex. The two equations that follow
describe the two-step binding and unbinding kinetics:
dnl,MT
dt
= (kon
ncyt
Lcell
− koffnl,MT )︸ ︷︷ ︸
cyt
MT
+ (−kanl,MT + kunl,a)︸ ︷︷ ︸
MT
cortex
(3.3)
dnl,a
dt
= (kanl,MT − kunl,a)︸ ︷︷ ︸
MT
cortex
(3.4)
kon
ncyt
Lcell
describes the binding of dyneins from the cytoplasm to the MT, kon is the
binding rate of dynein to the MT, ncyt is the number of dyneins in the cytoplasm and
Lcell is the length of the cell. The unbinding rate of dynein from the MT into the
cytoplasm is given by koff. Whereas ka describes the binding of dynein on the MT to
the cortex, ku describes unbinding of anchored dynein from the cortex, following which
it stays on the MT. The rate ku depends on the load force fl experienced by the motors
and is given by:
ku(fl) = k0 exp (−fl/fc), (3.5)
where k0 is the unbinding rate in the absence of load and fc is a characteristic force.
For the right MT, the equations that describe the kinetics of motors are obtained by
substituting the subscript l by r in Eqs. 3.3, 3.4 and 3.5 and changing the sign of
the exponent in Eq. 3.5.
Numerical simulations using the measured values of kon, ncyt and koff, with ka as
a free parameter and all other parameters as in Vogel et al. (17) were performed (Fig.
3.37 B-J. The parameters measured in this work were similar to those assumed in Ref.
77
3. RESULTS
(17). So, the behaviour of the model with the new parameters was also similar to that
in Ref. (17). Further, changing ka, while keeping all other parameters constant did not
affect the behavior of the model substantially (Fig. 3.37 B-J. Thus, we conclude that
the model from Ref. (17) is consistent with our new measurements.
3.6.1 Estimation of binding rate of dynein from MT to the cortical
anchors
The effective binding rate of dynein from MT to cortical anchors ka represents the
rate of binding of dynein from MT to any position on the cortex. Here, we assume
a homogeneous distribution of anchors, as opposed to the in vivo situation of non-
homogeneous distribution. To estimate this rate, we compare the measured number
of dyneins on the leading MT with the corresponding numbers of dyneins obtained by
the model (Fig. 3.37). By using the measured values of kon, koff and c, the number of
dyneins obtained by the model is comparable to the measured values for a ka = 0.1 s
−1.
3.6.2 Summary
We investigate the behaviour of the two-step model from Vogel et al. (17) with the
measured values of kon, koff and c in this work. We see that the pattern of nuclear
oscillations obtained from the model with the new parameters is consistent with exper-
imentally observed oscillations, providing additional support for this model of nuclear
oscillations.
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Figure 3.37: Behavior of the model - (A)Behavior of the model with the measured
values of parameters. Schematic drawing of system consisting of an SPB (grey), two MTs
(magenta) and dynein motors (green).
(B, E, H) Position of the SPB
(C, F, I) Velocity of the SPB
(D, G, J) The total number of motors attached to the left MT (green line) and the number of
motors attached both to the cortex and to the left MT (thin green line). The total number
of motors attached to the right MT (black line) and the number of motors attached both
to the cortex and to the right MT (thin black line) are also indicated.
Results shown are for parameters measures in this work: kon = 0.01 s
−1, ncyt = 30,
koff = 0.09 s
−1; parameters from Ref. (17) are: ξ = 100pN · s/µm, v0 = 2.5 µm/min,
f0 = 7 pN, k0 = 0.01 s
−1, fc = 2 pN and Lcell = 14 µm. The three values of ka used are
indicated.
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Summary of Results
Cortical anchoring of dynein is required to power a variety of cellular processes that
require the movement and rearrangement of organelles. The exact targeting mechanism
of dynein to the cortex is unkown. We set out to study dynein in the meiotic prophase
of fission yeast, where dynein powers the oscillatory movement of the fused nucleus
from one cell pole to the other.
4.1 Two-step attachment of dynein from the cytoplasm
to the anchor
We first set up experiments to observe single dynein molecules in the cytoplasm of
fission yeast zygote by using HILO microscopy. Tracking and subsequent mean squared
displacement analysis of dynein behaviour in the cytoplasm revealed their diffusive
nature, with a diffusion coefficient of 0.64 µm2/s. This diffusion coefficient is sufficient
for dynein to redistribute in the cytoplasm for every half oscillation.
Dynein that diffused in the cytoplasm bound first to the MT. We observed several
events in our HILO movies when dynein that was diffusing in the cytoplasm stopped
abruptly at a point corresponding to a location on the MT. Further, the reverse detach-
ment from the MT to go back into the cytoplasm was also observed. While on the MT,
dynein surprisingly did not perform minus-end directed movement towards the SPB,
nor was it carried to the plus ends of MT by a kinesin motor. Rather, dynein per-
formed diffusion on the MT with a low diffusion coefficient of 0.0041 µm2/s. A typical
dynein molecule that dwells on the MT for about 11 s, with this diffusion coefficient
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would move about 300 nm. While this slow diffusion would not aid dynein to travel
large distances, in concert with MT sliding, it could assist dynein in finding a cortical
anchor.
Indeed, we observed dynein on the MT binding to the cortical anchor Mcp5/Num1.
In 17/20 events, the increase in intensity of dynein at an anchoring site was accompanied
by a decrease in intensity in its neighbourhood on the MT. Further, we confirmed that
the MT was essential for mediating the binding of dynein from the cytoplasm to the
anchor since in experiments employing MBC, a MT-deplolymerizing drug, formation
of cortical spots of dynein were highly reduced.
Finally, in previous work Vogel et al. (17) identified that dynein that detached from
the anchor remained on the plus-ends of MT before diffusing into the cytoplasm. Thus,
we have evidence that indicates that dynein attaches to the cortical anchor from the
cytoplasm in a two-step process, with binding to the MT acting as the intermediate
step. The reverse detachment also occurs in the same two-step process, but in the
reverse order.
Fig. 4.1 provides an overview of the process and Table 4.1 gives an overview of the
parameters measured.
ko n
ko f f
3 D d if f usi o n 1D d if f usi o n Dir ect ed  mo ve ment
ka
ku
( ) ( )
Dcyt
( ) ( )
DMT
( ) ( )
Figure 4.1: Two-step attachment of dynein from the cytoplasm to the anchor -
The schematic describes the two-step process by which dynein that diffuses in the cytoplasm
binds first to the MT. On the MT, it performs 1D diffusion and is brought to the cortical
anchor Mcp5/Num1. Once bound to the anchor, it performs directed movement and thus
powers the oscillatory movement of the nucleus. The reverse detachment from the anchor
to the cytoplasm also occurs in a two-step fashion, with dyneins that unbind from the
cortex staying on the MT.
82
4.1 Two-step attachment of dynein from the cytoplasm to the anchor
Parameter Description Value
Dcyt Diffusion coefficient of dynein in the cytoplasm 0.64 ± 0.01 µm2/s
kon Binding rate of dynein to MT 0.019 ± 0.004 s−1,
(direct observation, estimated by the model) 0.07 ± 0.05 s−1
koff Unbinding rate of dynein from the MT 0.09 ± 0.01 s−1
τ Dwell time of dynein on the MT, τ = 1/koff 11 ± 1 s
DMT Diffusion coefficient of dynein along the MT
0.0041 ± 0.0007
µm2/s
ka Binding rate of dynein from MT to cortical 0.1 s
−1
anchors (estimated by the model)
ku
Unbinding rate of dynein from cortical anchors
to MT (depends on load)
Variable
ncyt Number of dyneins in the cytoplasm 30 ± 20
nSPB Number of dyneins on the SPB 152 ± 139
nMT Number of dyneins on the MT 1.6 ± 0.4 µm−1
na Number of dyneins on the anchor 28 ± 8
c Dynein concentration in the cytoplasm 0.3 ± 0.2 nM
c = ncyt/Vcell
Table 4.1: Measured parameters- The various parameters measured in our experi-
ments relating to dynein redistribution in the cell are tabulated.
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4.2 Activation of dynein upon binding to cortical anchor
We learnt that dynein that performed 3D diffusion in the cytoplasm and 1D diffu-
sion along the MT switched to directed movement upon binding to the cortical anchor
(Fig. 4.1). This lead us to investigate the interaction between the anchor protein
Mcp5/Num1 and dynein. We hypothesized that the binding of dynein to the anchor
‘activated’ it (Fig. 4.2) and this we confirmed by constructing a strain in which the
anchor did not have the ability to bind to the cell membrane (Mcp5/Num1-PH∆).
Indeed in a cell with Mcp5/Num1-PH∆ background, we observed minus-end directed
movement of MT-bound dynein towards the SPB (Fig. 4.3). This was in contrast to
WT and Mcp5/Num1∆ strains, where dynein performed diffusion on the MT.
Further, we estimated the proportion of dyneins that performed directed movement
in the Mcp5/Num1-PH∆ strain, as well as the speed of minus-end directed movement
in this strain. The interaction between dynein and Mcp5/Num1-PH∆ was most likely
direct, since we could observe colocalization of dynein and Mcp5/Num1-PH∆ signals
on the SPB. In conclusion, dynein is activated as a minus-end directed motor protein
in fission yeast nuclear oscillations upon binding to the cortical anchor Mcp5/Num1.
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Figure 4.2: Schematic of activation of dynein - In WT case (left) activation of
dynein occurs at the cell cortex, when it binds to the anchor protein Mcp5/Num1. The
cortical binding ability of Mcp5/Num1 comes from its Pleckstrin Homology (PH) domain.
If binding of dynein to Mcp5/Num1 activated it, then in an Mcp5/Num1-PH∆ strain, we
would see minus-end directed dyneins on the MT in contrast to the WT diffusing ones.
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Figure 4.3: Dyneins on the MT move in a directed fashion in Mcp5/Num1-
PH∆ strain - Image (left) and maximum intensity projections on to the y-axis (right)
of example WT (top), Mcp5/Num1∆ (center) and Mcp5/Num1-PH∆ cells. Note that
nuclear oscillations, visualized through the movement of the SPB, are absent in both
Mcp5/Num1∆ and Mcp5/Num1-PH∆ strains. Activated dyneins on the MT are seen
solely in the Mcp5/Num1-PH∆ strain (bottom).
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Discussion
Motor proteins are important players in shaping a variety of cellular processes. While
these ubiquitous proteins have been studied in much detail in vitro (9), a comprehensive
view of their molecular functioning inside the cell is lacking (122). A lot of fundamen-
tal questions still remain unanswered: How do motor proteins get targeted to cortical
anchoring site where they produce forces that move other components in the cell? How
is their function regulated in a cell?
5.1 Visualization of single dynein molecules in the cell
We could observe single molecules of dynein diffusing in the cytoplasm and on the MT
of the zygote using HILO microscopy and high time resolution. Dynein diffusion on the
MT would have been particularly difficult to observe using only conventional FRAP or
FCS measurements for example, since the concentration of dyneins on the MT is quite
low and there is continuous binding and unbinding of molecules. Measurement of this
diffusion might have been possible with a fluorescent speckled assay, but tagging only
a few proteins in fission yeast is a challenge. The other possibility would have been to
use a photo-activable fluorescent tag such as photo-activable GFP attached to Dhc1,
such that only a few dyneins in the cytoplasm could be excited and their path from
the cytoplasm to the anchor could have been followed.
Single-molecule imaging of other motors on MT (or on actin for myosin motor) such
as kinesin-1 in COS cells (123), dynein in Ustilago (124) and myosin-X in mammalian
87
5. DISCUSSION
cells (Molloy lab, unpublished data) have been carried out using other methods. Using
our approach could yield interesting results in these systems and might help quantify
the processes that the motors are involved in in those systems.
The diffusion coefficient of dynein in the cytoplasm measured here is about 10 times
lower than that of GFP in the cytoplasm of S. pombe (125) and of E. coli (119). This
is consistent with our expected value since dynein is about 10 times larger than GFP
(126; 127) and diffusion would follow Einstein-Stokes equation, where the diffusion
coefficient of a spherical molecule in a liquid scales inversely to the size (radius), i.e.
D = kBT6πηr , where D is the diffusion coefficient, kB is Boltzmann’s constant, T is the
absolute temperature, η is the viscosity and r is the radius of the spherical particle.
We observed that dynein on the MT diffused very slowly. The diffusional motility
of different motors on the MT has been studied extensively (128): while the diffusion
coefficient of dynein on the MT during nuclear oscillations is 1-2 magnitudes lower than
observed values of 1D diffusion coefficient of other MT-binding proteins in vitro such
as MCAK, myosin Va, Dam1, XMAP215, Ndc80 (129; 130; 131; 132; 133; 134), this
could reflect the diffusion coefficient of a molecule in its actual environment. The lower
diffusion coefficient could also be a consequence of dynein’s large size (126; 127), or
because of the role of other MT-associated proteins in the diffusion.
We could not conclude from our experiments the kind of interaction between the
dynein molecule and the MT on which it diffused, or the involvement of ATP in this
diffusion. Dynein is thought to have an electrostatic interaction with the MT (Fig.
5.1) due to negative charge of the MT C-terminal tubulin ends (135) and the positive
charge of the MT-binding protein (such as those of Mysosin V and kinesin (136)).
Previously, Vale et al. (137) showed that 1D diffusion of MTs attached to flagellar
dynein occurs in the absence of ATP. In vitro, it has also been seen that dyneins
often diffuse linearly on MTs in an ATP-dependent manner while moving a bead (138).
Diffusion on the MT is believed to aid the motility of dynein and is hypothesized to
be because of two kinds of attachments that dynein makes with tubulin monomer of
the MT – a strong attachment that can enable it to walk on the MT and a weaker
attachment on the tubulin C-terminus that enables diffusion and prevents the dynein
from detaching when the first head dissociates from the MT (139).
For dynein to produce a pulling force on MTs, it needs to be bound to an anchor and
for this, it needs to be able to move towards the plus-end of MTs at the cortex, where the
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5.1 Visualization of single dynein molecules in the cell
Figure 5.1: Model of 1D diffusion of a motor protein on MT - A MT-binding
protein (blue) diffuses axially on the MT (red) taking advantage of the MT’s negatively
charged C-terminal tubulin ends (dark red) and the protein’s positively charged regions
(dark blue). (Adapted from Ref. (128))
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anchors are docked. The conventional minus-end directed movement of dynein might
thus prove counter-productive for dynein to move to the anchor. Diffusion of dynein on
MT seems to bring it to the anchors in a two-step attachment process. In the absence
of plus-end targeting of dynein as seen in budding yeast during spindle positioning
(92; 93; 120), the diffusion of dynein on the MT could be a search strategy for dynein
to find its cortical anchor. Even in the absence of inherent movement, dynein that
binds to MT and only diffuses slowly would still move towards the cortex because of
other anchored dyneins that pull on the MT. The diffusion of dynein on the MT and its
subsequent attachment to the anchor Mcp5/Num1 also leads to accumulation of dynein
at that anchor, enhancing the pulling force on the MT and leading to maintenance of
oscillations.
5.2 Targeting of dynein from cytoplasm to the cortex:
Two-step process
We observed in our single-molecule experiments that during nuclear oscillations, dynein
binds to the cortex in two steps:
1. Binding from the cytoplasm to the MT.
2. Binding from MT to the cortex.
Note that in the second binding step, dynein remains bound to the MT when it binds
to the cortex, thus providing the pulling force required to move the nucleus of fission
yeast.
In budding yeast, during anaphase spindle positioning, dynein is also targeted to
the cortex in a fashion similar to the second step : Dynein is ‘off-loaded’ from the MT
plus-ends on to the cortex (92; 93), Fig. 5.3). However, neither was the targeting of
dynein observed using single-molecule experiments, nor was the first step of binding
from the cytoplasm to the MT seen in that system.
Dyneins in the cytoplasm could bind to the anchor directly or as was observed, bind
first to the MT and then subsequently, also to the anchor. Could there be an advantage
for dynein to bind to the anchor in a two-step fashion, mediated by the MT? If dyneins
bound to the stationary anchors at the cell cortex first, they would have to wait for a
MT to reach them and thereupon start pulling on the MT. This, however, would be an
inefficient process, since MTs do not really explore the cortex and would therefore only
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be accessible to a certain small number of anchors. There would then be a sizeable
population of dyneins bound to the cortex that do not have a MT partner to bind to.
On the other hand, dyneins that bind first to the MT move due to the gliding of the
MT and to some extent, due to diffusion. They can hence explore the cortex and find
a cortical anchor. This is particularly relevant in a system where dynein numbers are
limited as is during meiotic nuclear oscillations of fission yeast.
5.3 Regulation of dynein activity: switch from diffusion
to directed movement upon cortical anchoring
We discovered that dynein exhibited two different behaviors on the MT:
1. Diffusion when bound only to the MT.
2. Minus-end directed movement when bound to both the MT and the anchor.
This is surprising since dynein is generally considered to be a minus-end directed
movement and no other prior work has demonstrated this ability of dynein in vivo. The
mechanism behind this regulation of dynein is currently unknown.
In contrast to the highly robust kinesin and myosin motors that need few external
factors to function (140), dynein is not only less robust, but can be regulated in the cell
in different ways : self-regulation (141), regulation by other proteins such as dynactin
(142; 143), as well as regulation by titration of motor numbers (144). In kinesin (Fig.
5.2) and myosin motors, spatial and temporal regulation has been implicated to occur by
inherent inhibition of the catalytic head by the cargo-binding tail domain (145; 146). So
too, inhibition of motor activity by the interaction between the head and the tail domain
of the motor protein was found in vitro for kinesin-1 (147; 148; 149), kinesin-2 KIF17
(150), kinesin-3 KIF1A (151), kinesin-7 CENPE (152) and myosin V (153; 154; 155).
Autoinhibition of kinesins is released in the simplest case by binding of the kinesin tail
to cargo, as in kinesin-1 and kinesin-2 proteins. (147; 156; 157). Binding of dynein
to Mcp5/Num1 could be seen akin to binding to cargo and this might release dynein
inhibition in fission yeast.
While in vitro, dynein is known to walk processively towards the minus-ends of MT
(46; 47; 48), diffusion (96; 158) and processive bidirectional movement (59) have also
been observed. Accessory proteins such as LIS1 and NUDE have been shown to be
involved in regulating dynein’s functioning (75; 159) under conditions of varying load.
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Figure 5.2: Autoinhibition of kinesin motors - Kinesin-1 motors (consisting of ki-
nesin heavy chain (KHC) and kinesin light chain (KLC) subunits), Kinesin-2 KIF17 and
the Kinesin-7 CENPE exhibit a direct motor-to-tail interaction that is auto-inhibitory.
The Kinesin-3 KIF1A adopts a more compact and globular folded conformation. Double
arrows and dotted arrows represent areas that interact in inactive conformation and pos-
sible interactions respectively. Other inhibitory mechanisms such as domains that inhibit
microtubule binding (blue) and domains that inhibit processive motility (pink) are also
seen in some kinesin motors. (Adapted from Ref. (157))
However, in fission yeast however, no known homolog of LIS1 or NUDE exist. So too,
dynactin has been shown to be required for the loading of dyneins to MT during nuclear
oscillations in fission yeast and continues to remain with dynein on the cortical anchor
(160; 161). So it is unlikely that regulation of dynein occurs via dynactin.
5.4 Comparison of dynein behavior in fission yeast and
other organisms
Work in budding yeast spindle positioning (11) has shown that dynein first attaches
to the MT, after which a kinesin Kip2 carries the dynein with the involvement of Bik2
and Pac1 to the plus-end of MT (92; 93; 120). Upon reaching the plus-end, dynein is
off-loaded onto its cortical anchor Num1, which is the budding yeast homolog of fission
yeast protein Mcp5/Num1 (15; 16).
By constructing two dynein constructs - the dynein ‘motor-3YFP’ and the ‘tail-
3GFP’ (Fig. 5.4 A), Markus et al. demonstrated that the motor-3YFP construct
localized to plus-ends of MTs, whereas the tail-3GFP construct localized to the cortical
anchor of dynein Num1 (Fig. 5.4 B). This lead them to conclude that the dynein
heavy chain tail, which binds to the anchor, is masked by the dynein heavy chain
head or motor until the transport of dynein to the plus-end, where it undergoes a
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Figure 5.3: Off-loading of dynein in budding yeast - Dynein is in a masked conforma-
tion, disabling it from binding to the cortical Num1 anchor. It forms a complex with Pac1
(1) in the cytoplasm that mediates binding to the MT plus-end (2) in a Bik1-dependent
fashion. Dyneins at the plus-end bind dynactin (3), thereby causing the unmasking of
dynien tail. This unmasked dynein can now bind to Num1 (4) and can pull the nucleus
and the spindle to into the neck between the mother and daughter cells (5). (Adapted
from Ref. (141))
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conformational change, thus ‘unmasking’ the tail and allowing it to bind to the anchor
(Fig. 5.3, (121; 141)). Here too, dynein is ‘inactive’ until it binds to the cortical protein,
whereupon it is activated and works to pull on the nucleus and the mitotic spindle.
mC h er r y-
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Num1-
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B
Figure 5.4: Construction and localization studies of motor- and tail-3GFP in
budding yeast - (A) Construction of motor- and tail-3GFP strains in budding yeast
showing the portions of native dynein heavy chain that each construct incorporates. The
numbers indicate amino acid residues. (B) Localization of motor-3YFP (top panel, green)
at plus-ends of MTs (top panel, red) and the localization of tail-3GFP (lower panel, green)
on the anchor protein Num1 (lower panel, red).(Adapted from Ref. (121))
In contrast to budding yeast, fission yeast dynein can bind to the cortical anchor
laterally from the MT (17), as opposed to only from the MT plus-ends as in budding
yeast. Further there is no evidence kinesins such as Kip2 or Bik2 and Pac1 homologs
in fission yeast that carry dynein to the plus-ends of MTs or of switching of behavior
from diffusion to directed movement in budding yeast.
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Reconstituted and artificially dimerized budding yeast dynein have been demon-
strated to be processive motors in vitro (162). The same was the behavior of artifi-
cially dimerized Dictyostelium dynein (163). In contrast, porcine brain dynein has been
shown to be devoid of processive movement (158), whereas native dynein from mouse
bound to dynactin was observed to exhibit bidirectional movement with a minus-end
directed bias (59; 96).
Mammalian dynein has also been shown to have conflicting properties in different
assays in the same body of work by Trokter et al. (96). While in a stepping assay,
fully reconstituted mammalian dynein exhibited no processivity, in a gliding assay the
same reconstituted dynein complex was able to processively contribute to gliding of
overlaying MTs (Fig. 5.5). While this lead Trokter et al. to hypothesize that this was
dual behavior of dynein is because dynein is ‘activated’ only in ensemble and that as a
single molecule, dynein might suffer from weak MT binding or uncoordinated stepping
(96), it is tempting to speculate that the default state of dynein in vivo might be an
‘inactivated’ state. Similar to dynein’s behavior in fission yeast, upon binding to any
of dynein’s various cargo, it could be stimulated to become an ‘active’ motor, thereby
carrying out its processes inside the cell. When dynein is not required to do work, it
could be maintained in a state which is not dependent on ATP for energy. Future work
with dynein in vivo will reveal the dynamics of dynein regulation by the cell.
A B
Figure 5.5: Reconstituted dynein shows different behaviors in stepping and
gliding assays - (A) Kymographs from single-molecule stepping assays of reconstituted
mammalian dynein in the presence of ATP. (B) Gliding assay with the same reconstituted
dynein, where processive behavior of dynein is apparent. (Adapted from Ref. (96))
The dual diffusion/directed movement behavior of dynein could be beneficial for it
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to explore the cortex : If dynein always moved in a directed manner, all dyneins bound
only to the MT and to both the MT and the cortex would move with similar velocities
(17) and would thus be immotile with respect to the cortex of the cell. Dyneins that
are, in this scenario, bound only to the MT, would not be able to search for anchors
at the cortex. On the other hand, by moving along with gliding MTs, dynein may be
able to look for cortical binding partners. Further, if diffusion of dynein on the MT
is ATP-independent such as has been seen by Vale et al. (137), this dual behavior of
dynein would be energy-efficient as well.
In conclusion, while the processivity of dynein with respect to its minus-end directed
movement seems to be suppressed in the cytoplasm and on the MT, ‘activation of dynein
can be readily seen after dynein attaches to its cortical anchor. This could possibly be
the outcome of a conformational change of dynein upon binding to Mcp5. Thus, by
enabling the attachment of dynein to Mcp5/Num1, but preventing its localization to
the cortex in the Mcp5/Num1-PH∆ case, we see the minus-end directed movement of
dynein on MT. Precisely how this conformational block is removed will be revealed by
future studies.
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Materials and Methods
6.1 Strains and media
Fission yeast strains used in this study are listed in Table 6.1. Cells were grown on
Yeast Extract (YE) or Edinburgh Minimal Medium (EMM) (164) with appropriate
supplements at 25 ± 0.5 ◦C in a Heraeus incubator (Thermo Scientific, Waltham,
MA, U.S.A). For inducing meiosis, cells were spotted on Malt Extract Agar (MEA)
plates. Budding yeast strain KBY7006 (see Table 6.1 was grown with YPD agar
with Kanamycin at 25 ± 0.5 ◦C . All S. pombe strains used in this study are listed in
Table 6.1.
6.2 Construction of strains
To construct strains SV93 and SV108 (Table 6.1), carboxy-terminal epitope tagging of
Mcp5/Num1 and Dhc1 respectively with tdTomato was performed by Sven Vogel using
polymerase chain reaction (PCR) gene-targeting method (165). Using this method the
open reading frame (ORF) of the tdTomato promoter was integrated into the original
gene locus of Mcp5/Num1 or Dhc1 by homologous recombination. The primers were
designed using the following web tool: http://www.bahlerlab.info/resources/ (166).
Mcp5-Forward-Primer (5′ − 3′):
GCAAGAAAATTCACAATATCTGGGTTCAAGCTATCAAACAAATAAATCATAA
GGCTATCTTTGATACTAAGCCCGGCATTCGGATCCCCGGGTTAATTAA
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Mcp5-Reverse-Primer (5′ − 3′):
CAATTGGTATAACTTTAAAAGTTGTTAGGGAATATTGAAACAGTTTACTTTAAA
ACTTTATAAGCAATGACTGAAACATGCGAATTCGAGCTCGTTTAAAC
Dhc1-Forward-Primer (5′ − 3′):
ATGAAATTCCACCGGGCTGGTTGGACATACCGGAAAACAGTAAGCGAAAGAG
AACTGATATTTATTTTAGTATGTGCATTCGGATCCCCGGGTTAATTAA
Dhc1-Reverse-Primer (5′ − 3′):
AAAATTATACTAGGAGTTTTAATGGGAGGACAATAAAAGTTACGACAAAGTCTT
TAGTAAACAACAAATAGTTTCAAGTTGAATTCGAGCTCGTTTAAAC
The primers contain 80 basepairs homologous to the anking sequences of Mcp5/Num1
and Dhc1 respectively and 20 basepairs homologous to template plasmid pKS392
(pFA6a-tdTomato-kanMX6), a kind gift of K. Sawin. DNA fragments including the
tdTomato sequence and the kanamycin cassette were PCR amplied. Products of eight
PCR reactions (40 µl each reaction) were pooled and purified using the QIAquick PCR
Purification Kit for microcentrifuges (QIAGEN, Hilden, Germany) to obtain 10 µl with
more than 10 µg DNA fragments. The strain FY15548 (Table 6.1) was transformed
with the appropriate PCR fragments using a chemical transformation method based
on lithium acetate (164)) to obtain strain SV93 (Table 6.1). Strain FY15622 (Table
6.1) was transformed with appropriate PCR fragments to obtain strain SV108 (Table
6.1).
Strain VA006 (h90 mcp5-tdTomato-kanr dhc1-GFP-Leu2 mCherry-atb2-hph leu1-
32 lys1 ura4-D18, see Table 6.1) was constructed by crossing strain SV93 (h90 mcp5-
tdTomato-kanr dhc1-GFP-Leu2 leu1-32 lys1 ura4-D18, see Table 6.1) with strain MJ95
(h90 mCherry-atb2-hph leu1 ura4-D18, see Table 6.1) following the Random Spore
Analysis protocol (164).
6.3 Transformation of strains with plasmids
Transformation of strains JT392 and FY16826 with the plasmid p3CH1-num1PH∆
and strain SV108 with plasmid pRGT1-num1PH-GFP (see Table 6.1) was performed
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using the short protocol for fission yeast transformation involving lithium acetate and
polyethylene glycol as described previously (164).
6.4 Induction of meiosis
In h90 mating type fission yeast cells, meiosis was induced by suspending a toothpick-ful
of fresh cells in 50 µl of 0.85% sodium chloride (Merck KGaA, Darmstadt, Germany)
and spotting onto MEA plates. The plates were then incubated for 6-8 hours at 25
± 0.5 ◦C. For zygotes from cells of opposite mating types (h+ and h-), half-toothpick
of h+ and half-toothpick of h− were suspended in 50 µl of 0.85% sodium chloride and
spotted on to MEA plates. The plates were then incubated overnight, 12-14 hours, at
25 ± 0.5 ◦C.
6.5 Preparation of cells for imaging
For imaging, a loopful of cells from the MEA plate was resuspended in 100 µl of EMM-
N. The resuspended cells were transferred to a lectin-coated (L2380, Sigma-Aldrich,
St Louis, MO, USA), 35-mm (No1.5) glass bottom culture dish (MatTek Corporation,
Ashland, MA, USA) and allowed to stick to the glass for 5min. The unbound cells were
then washed out with EMM-N and live cell imaging was performed at room temperature
(22-25◦C).
6.6 Methanol fixation of cells
Cells adhered to MatTek dishes (as described above) were fixed for 15 minutes using
methanol stored at -20◦C and washed twice with Phosphate Buffered Saline (PBS).
After aspirating out all the remaining PBS, an anti-fade solution was added and the
cells were covered with a coverslip and sealed.
6.7 Time-lapse fluorescence microscopy
Live cell imaging was performed on either of the following two microscopy techniques:
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(1) Highly inclined and laminated optical sheet microscopy:
An inverted stand, manual XY stage Olympus IX71 microscope (Olympus, Tokyo,
Japan) with custom-built TIRF condenser and manual TIRF angle adjustment was
employed. Imaging was performed using an Olympus UApo 150x 1.45 Oil TIRFM
inf/0.13-0.21 corr (Olympus, Tokyo, Japan) objective with diode-pumped solid state
491 nm laser for GFP excitation and 560 nm laser for mCherry/tdTomato excitation
(75 mW; Cobolt, Solna, Sweden). Laser intensity was controlled using the acousto-optic
tunable filter in the Andor Revolution laser combiner (ALC, Andor Technology plc.,
Belfast, UK). The wavelength filters used were the BL HC 525/30 for GFP emission
and the BL HC 607/36 for mCherry/tdTomato emission (Semrock Inc., Rochester,
NY, USA). The microscope was equipped with an Andor iXon EM+ DU-897 BV back
illuminated EMCCD (Andor Technology plc., Belfast, UK) with pixel size of EMCCD
chip being 16 m and image pixel size being 0.106 m with the 150x objective. The
system was controlled using the Andor iQ software version 1.9.1 (Andor Technology
plc., Belfast, UK). For imaging dynein in the cytoplasm, the imaging conditions used
were: excitation with 80% power (18 mW) of 491 nm laser, exposure time of 5-9ms,
with 2000 continuous repetitions. For imaging dynein on the MT, the zygotes were
first subject to 80% power (18 mW) of 491 nm laser, exposure time of 8ms, with
800 continuous repetitions. This procedure partially bleached the dyneins on the MT.
Subsequently, the zygotes were imaged sequentially with 80% power (18 mW) of 491
nm laser and 20% power (4 mW) of 560 nm laser, exposure time of 8ms each, with an
interval of 1s between each sequential set, repeated 500 times.
(2) Spinning Disk Microscopy:
For counting the number of dyneins on the SPB and the anchor, for estimation of the
penetration depth of HILO microscopy, and for observing MT dynamics in Mcp5/Num1
and Mcp5/Num1-PH backgrounds, an Andor Revolution Spinning Disc system (Andor
Technology plc., Belfast, UK), consisting of a Yokogawa CSU10 spinning disk scan
head (Yokogawa Electric Corporation, Tokyo, Japan) was employed. The scan head is
connected to an Olympus IX71 inverted microscope (Olympus, Tokyo, Japan) equipped
with a fast piezo objective z-positioner (PIFOC, Physik Instrumente GmbH & Co.
K.G., Karlsruhe, Germany) and an Olympus UPlanSApo 100x / 1.4 NA Oil objective
(Olympus, Tokyo, Japan). For GFP excitation, a Sapphire 488 nm solid-state laser (75
mW; Coherent, Inc., Santa Clara, CA, USA) was used. Laser intensity was controlled
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using the acousto-optic tunable filter in the Andor Revolution laser combiner (ALC,
Andor Technology plc., Belfast, UK). The microscope was equipped with an iXon
EM+ DU-897 BV back illuminated EMCCD (Andor Technology plc., Belfast, UK).
The resulting xy-pixel separation in the images was 176nm, the z-distance between
optical sections was 500 or 600nm. System was controlled by Andor iQ software version
1.9.1 (Andor Technology plc., Belfast, UK). For counting number of dyneins, cells were
imaged with 15% power (0.6 mW) of the 488 nm laser and exposure time of 0.2s for each
optical section spanning the entire cell depth, while for observing MT dynamics, the
exposure time was modified to 0.03s for each optical section. For the MBC experiments,
cells were imaged with 15% power (0.6 mW) of the 488 nm laser, 15% power (0.6 mW)
of 561 nm laser and exposure time of 0.1s for each optical section spanning the entire
cell depth. The interval between each Z-stack was 10 s. The emission filter used was
BL HC 525/30 (Semrock Inc., Rochester, NY, USA) for GFP and BL HC 605/70
(Semrock Inc., Rochester, NY, USA) for mCherry/tdTomato emissions. For imaging
methanol-fixed cells, imaging was carried out with 100% power (4 mW) of the 488 nm
laser, 100 % power (4 mW) of 561 nm laser and exposure time of 0.5s for each optical
section spanning the entire cell depth. For methanol-fixed cells, images were obtained
by acquiring a z-stack spanning the entire cell with 100% laser power (4 mW) of the 490
nm laser for GFP excitation and 100% (4 mW) of the 561 nm laser for the tdTomato
excitation. For performing the FRAP experiments for estimating the diffusion rate of
Dhc1-3GFP in the cytoplasm of a fission yeast zygote, an Andor Revolution Spinning
Disc system (Andor Technology plc., Belfast, UK), consisting of a Yokogawa CSU-X1
spinning disk scan head (Yokogawa Electric Corporation, Tokyo, Japan) was employed.
The scan head is connected to an Olympus IX81 inverted microscope (Olympus, Tokyo,
Japan) equipped with a Prior ProScanIII xy scanning stage (Prior Scientific, Rockland
MA, USA) and an Olympus UPlanSApo 100x / 1.4 NA Oil objective (Olympus, Tokyo,
Japan). For GFP excitation, a Sapphire 488 nm solid-state laser (50 mW; Coherent,
Inc., Santa Clara, CA, USA) was used. Laser intensity was controlled using the acousto-
optic tunable filter in the Andor Revolution laser combiner (ALC, Andor Technology
plc., Belfast, UK). The microscope was equipped with an iXon EM+ DU-897 BV back
illuminated EMCCD (Andor Technology plc., Belfast, UK). The resulting xy-pixel
separation in the images was 64.6nm. System was controlled by Andor iQ2 software
version 2.6 (Andor Technology plc., Belfast, UK). A 50-image timelapse of the zygote
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in HNM were acquired prior to FRAP step with 25 ms exposure time and 25% (0.7
mW) of the 488 nm laser. FRAP was then performed on a 7x7 square pixel area with
70% (2 mW) of the 488 nm laser, with a dwell time of 5 ms on each pixel and with 4
repeats. Following the FRAP, imaging was continued as before for 2000 times with 25
ms exposure time of 25% (0.7 mW) of the 488 nm laser. The emission filter used was
BL HC 525/30 (Semrock Inc., Rochester, NY, USA).
Table 6.1 contains a column where the microscope used for imaging a particular
strain is mentioned - ’1’ indicating HILO microscopy and ’2’ indicating Spinning Disk
microscopy.
6.8 Image and data analysis
To track dyneins, we used a maximum likelihood method to automatically extract
the positions of dyneins from the acquired movies. Methods of this kind (167) have
been shown to achieve a higher precision compared to the more widely used least
squares fit approaches. We assumed the intensity of each pixel in an image to follow a
Poisson distribution. The mean value of each pixel is modeled as a sum of a Gaussian
function of its position and a constant value, representing a dynein and the background,
respectively. We used an Expectation Maximization algorithm to estimate the following
parameters: position, standard deviation, and intensity of dynein, as well as the mean
background intensity. The details of this method will be published elsewhere. Mean
squared displacement analysis was performed using custom functions written in Matlab
(Mathworks Inc., Natick, MA, U.S.A.). All plots were created using Matlab.
6.9 MBC experiments
To test the hypothesis that dynein binds to the cortex in a MT-dependent manner, we
used the microtubule-depolymerizing drug methyl benzimidazol-2-yl-carbamate (MBC,
Carbendazim 97%, Sigma Aldrich) in fission yeast zygotes with both dynein and micro-
tubules labeled (Dhc1-3GFP, mCherry-Atb2, SV81, see Table 6.1). Cells were grown
on YE5 medium. 7-8 hr after meiosis induction, cells were mounted onto MatTek
dishes and were imaged for around 10 min to observe oscillations. MBC (stock: 25
mg/ml dissolved in DMSO) was added to the dish to a final concentration of 25 µg/ml
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while imaging both green and red channels, for dynein and MT signals respectively.
About 10-15 min after MBC addition, liquid EMM-N was used to wash out the MBC
and the imaging was continued for 10-15 min after wash out to observe resumption of
oscillations.
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Name Genotype Source Microscope
setup
SV56 h90 dhc1-3xGFP-kanr leu1-32 lys1 Vogel et al. 2009 1, 2
ura4-D18
SV81 h90 dhc1-3xGFP-kanr ars1::LEU2-nmt1- Vogel et al. 2009 1
mCherry-atb2+ leu1-32 lys1 ura4-D18
SV93 h90 mcp5-tdTomato-kanr dhc1-GFP-Leu2 This study 1
leu1-32 lys1 ura4-D18
FY15548 h90 leu1-32 lys1 ura4-D18 dhc1::GFP-Leu2 YGRC, Japan 1, 2
L975 h+ WT Gerhard Rödel, 1
Germany
L972 h− WT Gerhard Rödel, 1
Germany
JT932 h90 num1::kanr dhc1-3xGFP-kanr A. Yamashita 1
ade6-M210 leu1 Japan
FY16826 h90 leu1-32 ura4-D18 mcp5::ura4+ YGRC, Japan 2
lys3::nmt1-GFP-atb2
JW785 h90 kanr-nmt1-GFP-dhc1 ade6-M216 YGRC, Japan 2
leu1-32
FY15622 h90 leu1-32 lys1 ura4-D18 YGRC, Japan -
SV108 h90 dhc1-tdTomato-natr leu1-32 lys1 This study 1, 2
ura4-D18
MJ95 h90 mCherry-atb2-hph leu1 ura4-D18 M. Sato, -
Japan
VA006 h90 mcp5-tdTomato-kanr dhc1-GFP-Leu2 This study 2
mCherry-atb2-hph leu1-32 lys1 ura4-D18
KBY7006 MATa CSE4-GFP(S65T)-kanMX6 his3 leu2 Kerry Bloom, 2
(Budding yeast) lys2 trp1 ura3 USA
p3CH1-num1 pREP41-num1-PH∆-3HA-Leu2 Yamashita and -
PH∆ plasmid Yamamoto 2006
pRGT1-num1 pREP1-num1∆PH-GFP-Leu2 Yamshita and -
∆PH-GFP Yamamoto 2006
(plasmid)
Table 6.1: Strains used in this study - All strains used in this study are shown.
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